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Abstract
Several methods of separating the dissolved 4+ and 6+ oxidation states of 
selenium were investigated. The use of Dowex 1 anion exchange resin in packed 
columns was not satisfactory as quantitative separation was not obtained. The 
determination of selenite after formation of a fluorescent complex with 2,4- 
diaminonaphthalene was quantitative but the procedure was too involved for routine 
work. Separation was achieved by co-precipitating the selenite from solution with 
ferric hydroxide precipitate formed between pH 5 and 6. The co-precipitation 
technique is effective from 4 to 50 degrees centrigrade and is unaffected by salinity 
although phosphates interfere at high concentrations. The co-precipitation technique 
was also successfully employed to remove selenate from complex matrices after 
reduction to selenite by boiling the solution 5 minutes after acidification to 4M in 
hydrochloric acid. A pre-formed ferric hydroxide precipitate maintained submerged 
in water for 112 days was also effective at quantitatively removing selenite from 
solution. The speciation technique was utilized in determining the dissolved selenium 
speciation in water samples collected from the Mississippi River at Baton Rouge, 
Louisiana between January 1994 and July 1995 and in samples collected at various 
points along the Mississippi River from Winfield, Missouri to Belle chasse,
Louisiana, in January 1995. The technique was also employed in assessing the 
selenium speciation in a laboratory microcosm bioaccumulation study involving 
oysters and aqueous oil refinery effluent. Attempts were made to determine the rate 
of transformation between the selenite and selenate forms in aqueous solution. The 
rate of the abiotic conversion was not determined as it was not detected in 324 hours 
in an aerated solution at pH 9. The biotic reduction of selenate to selenite could be
v
induced by the addition of seawater or estuarine sediment to a solution containing 
selenates. The reduction would cycle up to three times with a period of 
approximately 36 hours.
Introduction
Selenium was first discovered in 1817 by Berzelius (1) who separated it from 
a mixture of selenium and tellurium oxides. As it was discovered associated with 
tellurium, the name of which is derived from the Greek word for the earth, the 
element is named after the Greek goddess of the moon, Selene (2).
Selenium has an atomic weight of 78.96 and an atomic number of 34 (3). 
Numerous isotopes are known with the most analytically important being 82, 80, 78, 
77,75, and 74. The relative abundance of the isotopes are 8.9,49.9,23.6,7.6,9.1 
and 0.9 %, respectively. Selenium 75 and 74 can be made radioactive and emit 
y radiation during decay (4).
The element is found in group VIA of the periodic table and although 
technically a non-metal, selenium is considered a metalloid and often discussed as a 
metal in the literature. Elemental selenium is found in both amorphous (red and 
black) and crystalline forms the most stable of which is the hexagonal gray form (5). 
The thirty-four electrons are arranged in the [AR]3d^4s2p4 configuration (3). The 
resulting stable oxidation states for selenium are -2,0,4+ and 6+, which correspond 
to the selenide, elemental selenium, selenite and selenate forms. In this and in many 
other respects, the chemistry of selenium is very similar to that of sulfur (6) (atomic 
number of 16) located in the same family but is in the period immediately above 
selenium in the periodic table. Selenium also shares some chemical characteristics, 
such as adsorption to certain surfaces (7) and physiology, with arsenic (8), which is 
located in the same period as selenium but in group VA, the family immediately to 
the left of selenium in the periodic table.
Although elemental selenium is insoluble in water, the oxidized selenite and 
selenate forms are the conjugate bases of acids and are freely soluble (9). Hydrogen
1
2selenide is also soluble in water but will form the insoluble selenides with metal 
cations present in solution and precipitate out (5).
The average crustal abundance of selenium is estimated to be about 0.1 ppm 
(6). Although widely distributed, selenium is rarely found in a concentrated form. 
Only one mineral, clausthalite * PbSe, contains sufficient selenium to be considered 
an ore (5). Selenium is typically found associated with the metal ores of sulfur, 
especially copper (5,1). At one time the primary source of selenium was from the 
flue dust and anodic muds of copper smelting operations that used highly sulfurous 
ores (5,1).
The average abundance of selenium in the soils of the coterminous United 
States is 0.39 ppm (10) although the concentration is quite variable as it is derived 
from the weathering of the parent rock in an area. In general, the western United 
States shows higher soil selenium concentrations than the midwest and eastern states 
(6) The physical characteristics and chemistries of the soil environment such as pH, 
redox potential, other elements present, organic matter content and moisture content 
greatly affect the soil concentrations of selenium (6,11,12,13).
Many plants possess the ability to remove selenium, a micronutrient, from the 
soil and to incorporate it into their tissues (8,14,15,16,17). The selenium is usually 
incorporated into amino acids such as selenomethionine and other biomolecules in 
which the selenium replaces a sulfur atom (8,14,16,17). The uptake by plants makes 
selenium available to grazing animals that utilize the plants for forage. In most cases 
this is beneficial to the animal as selenium is an essential trace element in the diet at 
approximately 0.1 ppm (9,14,16). Dietary deficiencies of selenium most commonly 
result in nutritional myopathy or white muscle disease. The condition results in the 
degeneration of the heart and striated skeletal muscles which become white in 
appearance (6,8). In addition, juveniles lacking in selenium often exhibit retarded
3growth and a lack of vitality (8). Although it may associate with vitamin E (8,18,19) 
many details of the physiological activity of selenium are not known. However, it is 
known that selenium is necessary for the functioning of the anti-oxidant enzyme 
glutathione peroxidase which regenerates glutathione after it has reacted with 
hydrogen and organic peroxides (20).
Selenium can also be a toxic substance taken in excess. The acute toxicity, 
which occurs at 10 ppm in food, is greater than that of arsenic. Death usually is 
associated with liver damage and stomach and intestinal hemorrhaging. Chronic 
toxicity is observed for many species at a level of 3-4 ppm in the food (16) and is 
observed in animals as "blind staggers" and alkali disease. Animals suffering the 
staggers move aimlessly and eventually become emaciated and anorexic before 
collapsing. Alkali disease is manifested by lameness, cracked hooves and nails and a 
loss of hair. It is believed that the selenium displaces sulfur in the keratin used to 
construct these structures. In addition, the general conditions of liver cirrhosis and 
heart, and kidney degeneration are observed with chronic exposures (6,8).
Selenium is believed to be teratogenic (8) and has been implicated in the 
decreased fecundity and physical defects, such as crossed bills, in birds at Kesterson 
National Wildlife Refuge in California (21). The evidence is not clear as to whether 
selenium is carcinogenic since some studies report tumor production while others 
show that selenium can exert a protective action when administered with other 
carcinogenic elements (6,8,22).
Whether released through the decay of plant or animal matter, their wastes or 
by weathering of the minerals in the rocks and soils significant quantities of the 
selenium enters the aquatic environment. The forms of selenium that are most 
important in the aqueous environment are the 4+ selenite and the 6+ selenate forms. 
The selenide and elemental forms being insoluble as mentioned. Organoselenium
4compounds are also important in this medium as aquatic algae, like terrestrial plants, 
are known to up take selenium and incorporate it into biomolecules (23,24). Certain 
sedimentary bacteria can methylate inorganic selenium forming methylselenide and 
dimethylselenide(6,25). Other bacterial communities also have the ability to reduce 
selenite and selenate ions to elemental selenium (26,27,28).
Selenium is also an essential trace nutrient for aquatic fauna but unlike 
terrestrial organisms can accumulate selenium through the medium in which they live 
(19,23,24). In high doses both soluble forms of selenium are toxic but the toxicity of 
selenites is greater than that of selenates (6,8,28).
Theoretical thermodynamic calculations such as those of Pourbais (30), Bard 
(31), Sillen (32) and Turner (33) indicate conditions under which one would expect 
the selenite or selenate form of selenium to exist in aqueous systems. Comparison of 
these predictions with the conditions typically encountered in aquatic environments 
indicate that most systems should contain selenium in the selenate oxidation state 
(32,33,34,35,36,37,38).
In contrast to the theoretical predictions, most researchers find both selenite 
and selenate oxidation states present in environmental samples ranging from fresh to 
oceanic waters (39,40,41,42,43,44,45,46,47,48,49,50,51)
No definitive explanation for the discrepancies between the theoretical 
predictions and the actual findings concerning the speciation of selenium in 
environmental samples has gained general acceptance. Proposals have ranged from 
the existence of metastable states (45) to the theory proffered by Cutter that 
biological transformations are quicker than the chemical transformations (41,43,44) 
which are generally accepted to be slow (43,45) thus maintaining a state that is not in 
strict accord with that predicted by thermodynamic calculations.
5There is a great deal of interest in the environmental chemistry of dissolved 
selenium because anthropogenic sources of selenium to the environment are 
increasing. Selenium has become a very important element as society transforms into 
an age of electronics. Selenium is a p-type conductor and also exhibits the useful 
properties of photoconductance and is photovoltaic (1). For these reasons, selenium 
is used in a large number of electronics applications such as photolithography, 
photosensing and the construction of semiconductors (6,14). These products and 
waste products from the manufacture of these items present a vast and increasing 
potential source of environmental selenium.
Even as society is transforming it is still relying heavily upon the use of fossil 
fuels. The processing and combustion of oil and coal are other potential sources of 
selenium (6,14,52). As in minerals, selenium is found associated with sulfur in coal. 
When the coal is burned the selenium is released to the atmosphere. Selenium is also 
associated with crude oil and like sulfur must be removed in the refining process to 
prevent poisoning the catalysts. The selenium often enters aqueous waste streams 
from refineries and is not always removed by treatment processes before the effluent 
is discharged into the environment.
Other industrial uses of selenium and hence possible sources include the 
coloring and de-coloring of glass, preparation of arc light electrodes, and as an aid in 
the vulcanizing of rubber (6,14,52).
Industry is not the only potential source of additional selenium input into the 
environment. As an essential trace element, selenium is a common feed additive for 
agricultural animals (6,8,53). The feed contains a slight excess of selenium than that 
which is required to ensure adequate nutrition. The excess is not absorbed by the 
body and is excreted in the animals' wastes. Some studies conclude that runoff 
containing animal wastes can be a significant source of non-point source
6pollution (54) in some areas and hence contribute a potentially significant selenium 
load to the environment
Runoff from other agricultural operations can also contribute significant 
quantities of selenium to the local environment as evidenced in the Central Valley of 
California. Water that was used to irrigate crops in this region was diverted to the 
Kesterson National Wildlife Refuge to bolster the water resources of the wetlands. 
The water contained a high concentration of selenium, that had been solubilized from 
the soils of the valley, which was transported to the refuge. The selenium was then 
further concentrated by evaporation, in the wedands, and has been implicated in the 
low fecundity and physical abnormalities that are now prevalent in the wading bird 
population of the refuge (21).
Although selenium discharges to surface and groundwaters are regulated at a 
5 parts-per-billion (55) concentration in the United States, it is still important to gain 
as much insight as possible into the environmental chemistry of selenium. The more 
knowledge gained the better scientists and managers will be able to predict the 
biological and geochemical behavior of environmental selenium. The risks or 
potential harm from the accumulated excess of many potential discharges or from 
long term exposure to low concentrations of selenium will then be more easily 
predicted and understood.
The experiments described herein are be grouped into three main categories. 
The first type of experiments are concerned with developing and characterizing a 
technique for the separation of dissolved selenite and selenate species at ultra trace 
levels. The need for the separation technique arises because the instrument utilized 
to determine the selenium in the aqueous samples, an inductively coupled plasma 
mass spectrometer, is not capable of distinguishing between the two oxidation states 
of selenium (56). In this instrument, an acidified aqueous solution is nebulized into a
7stream of argon that desoivates and carries the molecules in the sample to the plasma 
torch. The plasma torch is configured to introduce the argon stream containing the 
sample into the center of an argon plasma. The plasma is a transient collection of 
argon ions and the electrons that were stripped from them that is maintained by an 
oscillating radio frequency field. The temperatures in the plasma are estimated to be 
at least 5000 K and possibly could reach 10,000 K (56,57). The high temperatures 
and extreme ionizing conditions cause most molecular species in the sample to 
degrade into the ions of the component elements (56).
The plasma and hence the sample ion stream is directed toward the sampling 
cone of the instrument which is typically constructed of nickel or platinum and is 
water cooled to prevent melting. The sampling cone permits a small portion of the 
plasma ions to enter a region of reduced pressure through a small orifice (1 mm) 
located at the apex of the cone. The plasma and sample ion stream then cool by the 
process of supersonic jet expansion after passing through the sampling cone. Sample 
ions are then drawn through a skimmer cone that has a 1 mm orifice at the apex of 
the cone. Behind the skimmer cone the ions enter a series of focusing lenses and 
then a quadrapole mass spectrometer that is operated at a pressure of about 2-3 x 
10'6 torr (56,58). By electronically controlling and modulating the voltages on the 
poles of the mass spectrometer ions with different mass to charge ratios can be 
selectively focused to impinge upon the ion detector. This is the principle used to 
differentiate between and measure the different elements in the sample.
Unfortunately, the selenium ion derived from selenite cannot be distinguished from 
an ion derived from selenate. The two species must therefore be chemically 
separated and then introduced to the instrument in two different samples.
Sample preparation can also help overcome additional limitations of the 
instrument The total dissolved solids content of the sample must be minimized in
8order to prevent an accumulation of deposits on the cones that would decrease the 
sensitivity of the mass spectrometer. In addition to deposits a high ion loading of the 
plasma can result in fewer ions of interest reaching the mass spectrometer through 
space-charge effects (58). In this process, non-analyte ions at a high concentration in 
the sample can actually force the analyte ions to the edge of the expanding jet after 
passing through the sampling cone reducing the probability of their passing through 
the skimmer cone.
The final purpose of initial sample preparation is to ensure that the analytes of 
interest in the sample are introduced into the instrument at sufficient concentration to 
be differentiated from background noise.
The use of an inductively coupled plasma mass spectrometer for the 
determination of selenium does have one very major drawback besides the lack of 
speciation. The major isotopes of selenium have masses that are very similar to some 
of the molecular interferences that arise due to the use of argon to maintain the 
plasma. The molecular species of Ar2 + and At2 H+ interfere with the detection of 
selenium 78 and 80 (59). One option to compensate for the interferences is to 
generate the hydride of selenium (60) which effectively generates a molecular ion of 
mass 82, SeH2 +* from the most abundant isotope, Se 80. There are no significant 
analytical interferences at this mass (59).
The hydride generation approach was not utilized in this work for several 
reasons. The generation of the hydride is only efficient for selenium in the 4+ 
selenite oxidation state. To quantitate the selenate ion it must first be quantitatively 
reduced to the selenite form (60). The second reason the hydride generation 
approach was not used is that the materials and equipment necessary were not 
available due to complexity and expense.
9The molecular interferences were managed by only analyzing for the selenium 
82 isotope. Although no significant interferences exist for this isotope (59) the 
relative abundance of 8.9 % is not very great and likely results in a higher detection 
limit for selenium than for other elements. Nevertheless, the detection limits are 
typically 0.05 ppb in analyte solution.
The second phase of the research is to study and quantify the rate of 
transformation between the oxidation states of selenium under controlled conditions. 
Researchers report that the rates are slow but have not been quantified. Once the 
transformation rates are known for simplified ideal systems the conditions of the 
experiments may be altered with additional factors with the intent of approaching the 
complexity of the natural world. By building on previous experiments and 
incrementally increasing the system complexity it is hoped that enough information 
was gained to formulate crude models that can predict or explain the findings of 
studies on natural systems.
In the third phase of this work, case studies of natural or controlled but still 
complex systems are studied to test or compare to the laboratory system findings. 
Performing the case studies helped to ensure that all the necessary parameters for 
making predictions will be obtained. The comparison of data, even with quality 
assurances, between laboratories utilizing different analytical techniques can prove 
problematic. By also collecting the field data, any method bias or unique aspect of 
the work will be accounted for in both sets of data and direct comparison is 
facilitated.
In summary, the intent of this work is to develop a method to speciate 
dissolved selenium in natural waters, quantitate the rates of transformation between 
the oxidation states and to use this information to explain or predict the findings of 
studies conducted on natural systems.
Chapter 1
Ferric Hydroxide Co-Precipitation of Sodium Selenite
INTRODUCTION:
The development of an acceptable separation/sample preparation technique 
involved the investigation of several analydcal techniques. The development work 
and results concerning two of these techniques, utilizing anion exchange 
chromatography and fluorometry of an organic complex of selenium, are presented in 
Appendix 1 and Appendix 2, respectively. These two methods were deemed not 
acceptable for the present work. The investigation of a third separation technique, 
co-precipitation with ferric hydroxides, is described.
The analytical technique of gravimetric analysis requires a pure and easily 
filtered or centrifuged precipitate for quantitative analysis. The main cause of impure 
precipitates is the co-precipitation or carrying down of normally soluble substances 
during the precipitation of an insoluble compound (61). Co-precipitation is 
especially troublesome in the gravimetric analysis of metal hydroxides (hydrous 
oxides) which tend to exist in colloidal or gelatinous forms. Analytical techniques 
other than gravimetric analysis, however, can use co-precipitation to advantage.
Both aluminum and ferric hydroxides are known to co-precipitate many trace 
metals in aqueous systems (62). Ferric hydroxides are efficient collectors of anionic 
species from acidic solution (63), with the precipitate bearing a positive surface 
charge in the pH range of 3-6 (64). The use of ferric hydroxides for the 
determination of selenium has long been used in copper analyses (65) and is 
frequently cited as a separation technique for aqueous samples (62,66).
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Ferric hydroxide co-precipitation of selenium has three main limitations. The 
first is that the pH of the solution must be below 8 and that quantitative recovery of 
selenium occurs only at pH values of 3-6 (65). The second limitation of the 
technique is that only the 4+ form of selenium, not the 2-, 0, or 6+ forms, is co­
precipitated from aqueous solution (2,49,62,64,66). The third limitation is the 
extended precipitation period required, typically two days (49).
The purpose of this study is two-fold. The primary purpose is to determine 
an effective procedure, utilizing ferric hydroxide co-precipitation, to separate selenite 
ions from selenate ions at pg/1 concentrations in aqueous samples of moderate 
volume. The second purpose is to establish conditions for the separation which 
enables the use of the separation procedure for rapid, routine analysis.
MATERIALS AND METHODS:
The ferric hydroxide co-precipitation procedures utilized in these experiments 
are based on those of Chau and Riley (49). The general procedure for all samples are 
presented schematically in Appendix 3. The forty milliliter aqueous samples 
containing fig/1 concentrations of selenium as sodium selenite (Sigma Chemical) and 
sodium selenate (Sigma Chemical), in approximately equal proportions, were placed 
into acid cleaned 125 ml Erlenmeyer flasks. The pH of the samples were then 
adjusted to a value of 6-7 with 0.1 N hydrochloric acid (Mallinkrodt), as necessary. 
An aliquot of ferric chloride solution ( 4.6829g FeClg /  100 ml H2 O, Fisher 
Chemical) was pipetted into each sample and the flask swirled to mix the contents. 
The samples were allowed to sit undisturbed for a specified period of time before a 
second aliquot of ferric chloride solution was added to each with mixing, after which 
the pH of the samples were adjusted to 5-6 by the dropwise addition of a
12
1 N ammonium hydroxide solution (E.M.Science). The flasks were left undisturbed 
for a specified period of time before the samples were centrifuged in a Hermle 
centrifuge for 10 minutes at 3200 rpm (1500 x g). The aqueous layer was decanted 
from each sample and preserved with 4 ml of 70% nitric acid (Mallinkrodt AR- 
Select) before dilution to 100 ml. The precipitate from each sample was dissolved in 
4 ml of the 70% nitric acid and these solutions diluted to 100 ml each. The amount 
of selenium in the 100 ml samples was then determined by ICAP-MS analysis 
(Plasmaquad II+, Fisons Instruments).
The first set of experiments focused on two variables in the generalized 
procedure. The first variable was the amount of time that the solutions sat 
undisturbed, between additions of the feme chloride solution and before 
centrifugation to collect the precipitate. In accordance with the procedure of Chau 
and Riley, one set of samples was precipitated with two aliquots of ferric chloride 
spaced two hours apart. The samples were then allowed to settle for 48 hours before 
centrifuging and collection of the precipitate. The remaining samples were allowed 
to settle for shorter times before centrifugation and also had correspondingly shorter 
time intervals between additions of the ferric chloride solution. The specific time 
intervals tested are presented in Table 1.
The second variable investigated was the total amount of iron (m), as ferric 
chloride, added to the samples to form the precipitate. The amounts of iron (III) 
added to each sample were 4,8,16, or 32 mg, respectively. Each iron (III) 
concentration was tested at each time interval previously noted so that the entire 
experiment could be represented by the following matrix of 28 trials, Table 2, each 
requiring two analyses.
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Table 1: Time Intervals Utilized in the Experiments
Interval Between Ferric Chloride Time Samples were Allowed 
Sol'n Additions (minutes) to Settle Before
Centrifugation (minutes)
0 0
0 30
3 60
5 120
10 240
60 1440
120 2880
Table 2: Matrix of Time Intervals Versus Iron Concentrations Used in Experiments
Iron (III) Concentration fmg)
Precipitation 
Time (min.) 4 8 16 32
0 X X X X
30 X X X X
60 X X X X
120 X X X X
240 X X X X
1440 X X X X
2880 X X X X
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The second set of experiments evaluated the ability of the ferric hydroxide 
co-precipitation technique to selectively separate selenite from selenate anions. The 
general co-precipitation procedure was that described previously. The total amount 
of iron (m) used to form the precipitate was held at 6 mg, added in two equal 
aliquots of ferric chloride solution. The time between iron additions was 5 minutes 
and the samples were allowed to settle for 2 hours before centrifuging.
The samples, prepared with 18 megohm deionized water, contained pg/1 
amounts of selenium as sodium selenite, sodium selenate or an equal mixture of both. 
The samples containing selenium in only one of the oxidation states had a total 
selenium concentration of approximately 100 pg/1 whereas the samples containing 
both had a total selenium concentration of approximately 200 p.g/1.
RESULTS AND DISCUSSION:
The initial ratio of selenium as sodium selenite to sodium selenate for the 
samples in the first set of experiments was 55.7 % : 44.3 %. The ratios of selenium 
in the precipitates to that found in the decantates for each trial is presented in Table 
3. The percent of total selenium recovered is presented in Table 4.
The ferric hydroxide co-precipitation procedure was intended to remove the 
selenite anion from solution while the selenate anion remains in solution. If the 
separation was successful, the ratio of selenium in the precipitate compared to that 
found in the decantate should match the initial ratio of selenite anion to selenate 
anion in the original solution. Inspection of the ratios presented in Table 3 show that 
some ratios are similar to the original selenite: selenate ratio calculated for the 
samples. The similar experimental ratios that fall within ±10 % of the calculated 
initial ratio are presented in Table 5.
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Table 3: Ratio of Selenium in Precipitates to Decantates per Sample
Iron (HI) Concentration (mg)
Precipitation 
Time (min.) 4 8 16 32
0 58.1 :41.9 74.9: 25.1 91.5:8.48 96.3 :3.77
30 65.0:35.0 82.9:17.1 91.8: 8.17 91.6 : 8.38
60 55.0:45.0 61.6: 38.4 90.7:9.26 79.0:21.0
120 51.9:48.1 56.2:43.8 64.2: 35.8 98.5: 1.54
240 51.9:48.1 55.2:44.8 59.6:40.4 86.5: 13.5
1440 No Data 57.5:42.5 70.5:29.5 88.5: 11.5
2880 63.3:36.7 88.4: 11.6 64.5 : 35.5 74.4:25.6
Table 4: Percentage of Total Selenium Recovered Per Trial
Iron (III) Concentration (mg)
Precipitation 
Time (min.) 4 8 16 32 mean
0 104 103 97.5 112 104
30 137 102 102 99.0 110
60 94.8 98.4 99.7 100 98.2
120 105 103 104 106 104
240 100 108 101 102 103
1440 No Data 99.5 104 102 102
2880 114 113 102 102 108
mean 109 104 101 103 104
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Table 5: Separations that Resulted in Selenite : Selenate Ratios Similar to 
Calculated Value
Precipitation Time 
(min.)
Total Amt. of Iron 
(HI) (mg)
Selenite: Selenate 
Ratio
0 4 58.1 :41.9
60 4 55.0:45.0
120 4 51.9:48.1
120 8 56.2:43.8
240 4 51.9:48.1
240 8 55.2:44.8
240 16 59.6:40.4
1440 8 57.5 :42.5
The data presented in Table 5 shows that 16 mg of iron (m) only resulted in 
a successful separation once. The amount of added iron (HI) used that resulted in 
the greatest frequency of successful separations, (4), is 4 mg followed by 8 mg 
additions of iron which yielded three successful separations.
The total recovery data (Table 4), indicates a near absolute quantitative 
recovery of selenium for all trials. The mean recoveries were 109,104,101, and 
103%, respectively, for the samples to which 4, 8,16 or 32 mg of iron (III) was 
added. Alternatively, the precipitation times of 0. 30,60,120,240,1440, and 2880 
had respective mean recoveries of 104,110,98.2,104,103,102, and 108%. The 
mean recovery for all samples was 104 % with a standard deviation of 7.95 %.
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The ferric hydroxide co-precipitation technique, as described, would best be 
used as a separation technique for selenite and selenate anions in aqueous solution 
when 4-8 mg of total iron (III) is used in conjunction with a 240 minute setting time. 
However, a 120 minute standing time should also be acceptable and has the benefit 
of a reduced time of analysis.
The second set of experiments consisted of three trials using the same co­
precipitation procedure. The experiments were conducted at two different times 
with trials 2 and 3 conducted simultaneously. The ratios of the amount of selenium 
recovered in the precipitate versus the decantate is presented in Table 6 and the total 
recoveries are presented in Table 7.
Table 6: Ratio of Selenium Recovered in Precipitate Versus Decantate
Trial Number
Selenium Species
in Solution 1 2  3
Selenite only 99.6:0.369 96.8:3.18 94.3:5.65
Selenate only 3.94:96.1 4.32; 95.7 3.81:96.2
Both Selenite and
Selenate 58.9:41.1 43.4:56.6 44.0:56.0
Table 7: Percentage of Total Selenium Recovered Per Trial
Trial Number
Selenium Species
in Solution 1 2  3
Selenite only 90.8 105 127
Selenate only 98.5 90.3 112
Both Selenite and
Selenate 97.5 107 113
18
The data in Table 6 indicates that most (mean 96.9 %) of the selenite anion is 
recovered in the ferric hydroxide precipitate while the majority of the selenate anion 
remains in solution (mean 96.0 %). Since the precipitation process is intended to 
remove all of the selenite anion from solution while the selenate anions remain 
dissolved the data indicate that the technique is effective.
For mixtures of the selenite and selenate species, the ratio of selenium in the 
precipitate : decantate should match the selenite: selenate ratio in the whole sample 
solution. The ratio of selenite to selenate in the first experiment was 58.9 :41.1 % 
while the same ratio for the second two trials was 54.1 :45.9 %. The ratios match 
exactly for the first trial while there is a greater deviation in the ratios of the second 
two trials. The ratios for the second two trials appear as almost the inverse of that 
expected.
The close agreement between the experimental ratios for the second two 
experiments indicates that the method is precise but that the changes in ratios found 
may be due to an aspect of the experimental procedure not related to the co­
precipitation process such as oxidation of selenite, etc. This possibility is further 
supported by the high recovery of total selenium with a mean recovery of 105 % and 
a standard deviation of 4.18 %.
The procedure described, utilizing ferric hydroxide co-precipitation, has been 
determined to be effective in the separation of ng/1 concentrations of selenite anions 
from selenate anions in samples of moderate volume. The procedure is simple and 
rapid to perform making it amenable to the routine analysis of environmental 
samples.
Chapter 2
Reduction of Selenium(VI) to Selenium(IV)
Prior to Co-Precipitation with Ferric Hydroxide
INTRODUCTION:
Much of the previous work reported by this author has been conducted using 
deionized water for a sample matrix. Using deionized water enabled the acidified 
samples to be directly analyzed by the ICAP-MS instrument. The data obtained 
permitted the calculation of total recoveries which was of great importance in 
method validadon.
Matrices encountered, other than deionized water, cannot always be analyzed 
directly by the ICAP-MS instrument due to both physical and chemical interferences. 
In particular seawater, or other saline samples (e.g. brines, blood etc.), that contain 
high levels of dissolved species may create such problems. The high dissolved solids 
content of these samples can lead to the accumulation of particulate matter on the 
sampling cones of the instrument (58) causing a distortion of the cone shape or 
plugging of the sampling orifice. The high levels of dissolved species, other than 
those of interest analytically, can reduce the efficiency of ion formation for the 
elements of interest through ion suppression (56) and may reduce the number of 
analyte ions reaching the mass analyzer by broadening the ion beam through 
coulombic repulsions (58). Chemical interferences also arise due to the formation of 
isobaric compounds such as Ar2 + in the plasma (56).
Several procedures have been used in an attempt to reduce the interferences 
of seawater samples. Examples of these procedures include simply diluting the
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sample with deionized water, pre-concentrating selected chemical species with 
chelating agents (67) or on ion exchange resins (68) and reductive precipitation with 
sodium borohydride (69). Each of these techniques has problems since the 
concentration of the species of interest is also reduced when the sample is diluted and 
the recoveries for chemical separation methods may not be quantitative.
Earlier work has shown that the recovery of the 4+ oxidation state of 
selenium is very good when it is co-precipitated from aqueous solution with ferric 
hydroxide (70). However, the 6+ oxidation state of selenium is not co-precipitated 
by ferric hydroxide. In order to recover all the selenium from an aqueous solution 
using the ferric hydroxide co-precipitation method the 6+, selenate form of selenium, 
must be reduced to the 4+, selenite, oxidation state. Numerous reagents are reported 
to effect the reduction of selenate to selenite in aqueous solution. These reducing 
agents include; potassium iodide (71), ferrous sulfate, tin (II) chloride, sulfur dioxide 
(2), ascorbic acid, and boiling hydrochloric acid solutions (72). The concentration of 
the hydrochloric acid solutions typically have been 4 to 6 M in HC1. The solutions 
were maintained at 100° C, or boiled, for periods ranging from 1 to 20 minutes.
However, Siu and Berman (73) state that the reduction reactions to convert 
selenium(VI) to selenium(TV) utilizing large quantities of acids are not compatible 
with iron(m) oxide co-precipitation. The purpose of these experiments was to show 
that boiling a solution, acidified with hydrochloric acid, is an effective procedure for 
the reduction of Se(VI) to Se(IV) prior to co-precipitation with ferric hydroxide. 
MATERIALS AND METHODS:
The general procedure for the first two sets of experiments is very similar and 
is represented schematically in Appendix 4. Forty milliliter aqueous samples 
containing approximately 100 |Xg/l of selenium as sodium selenate (Sigma Chemical),
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unless noted otherwise, were placed into a 125 ml Erlenmeyer flask. Twenty 
milliliters of 12 M hydrochloric acid (Mallinckrodt AR Select) was added to the 
sample. The flask was capped with an inverted 50 ml beaker and placed upon a hot 
plate (maximum of four flasks at one time) and warmed. The samples were boiled 
(as denoted by the repeated and sometimes vigorous production of vapor bubbles in 
the solution) for a specific period of time ranging from 5 to 20 minutes. The samples 
were then cooled in an ice water bath until the temperature returned to 
approximately room temperature (20-25° C). One or two drops of methyl orange 
(Fisher Chemical) indicator solution, 0.05 g/ 20 g H2 O, was then added to each 
sample. An 18 ml aliquot of 10 N sodium hydroxide solution (E M Science) was 
added to each sample before placing them into the ice water bath again to cool to 
room temperature. The samples were then titrated to the endpoint of the indicator, 
pH of 3.5-4.5 (11), with the dropwise addition of either 10 N sodium hydroxide 
solution or 1 N ammonium hydroxide solution. The selenium in the sample was then 
determined using the ferric hydroxide co-precipitation procedure, noted elsewhere, 
that utilized 6 mg of iron(III) and a 2 hour precipitation time.
In the first set of tests a 5 minute boiling period was compared to a 10 minute 
boiling period. In the second experiment two of the four samples were boiled for 5 
minutes each, while the other two samples were boiled for 20 minutes. Of the 
samples boiled for 20 minutes one contained only 50 pg/1 of sodium selenate. The 5 
minute samples also had 28 mg of iron added in the co-precipitation step for one and 
6 mg of iron to the other.
The third set of experiments utilized a control and natural water samples. A 
control sample, prepared with deionized water, contained approximately 100 |ig/l of 
selenium in nearly equal parts of sodium selenite (Sigma Chemical) and sodium
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selenate. The remaining samples were natural seawater collected from Bodega Bay, 
near San Francisco, California. One sample consisted of an aliquot of bay water 
while a second consisted of the bay water diluted by a factor of two with 18 megohm 
deionized water. The last sample consisted of bay water spiked with approximately 4 
jig of selenium in nearly equal parts of sodium selenite and sodium selenate. The 
general procedure for reduction was the same as that used in the first experiments 
except that the samples were boiled for 10 minutes each. The ferric hydroxide co- 
precipitation procedure utilized 6  mg of iron and a two-hour precipitation time. 
RESULTS AND DISCUSSION:
The recoveries for the first set of experiments is presented in Table 8 .
Table 8 : Selenium Recoveries for Boiled Hydrochloric Acid Solutions
Boiling Time Sample % Recovery of 
(minutes) Number Selenium
5 1 71.56
5 2 79.03
10 1 76.53
10 2 80.41
The mean recovery for the samples boiled for 5 minutes was 75.29% and 78.47% for 
the samples boiled for 10 minutes. The mean recovery for all samples was 76.88% 
with a standard deviation of 3.89%. The recovery of the selenium in these 
experiments is not as high as desired. There are several possible reasons for the low 
recoveries which include; incomplete reduction of the selenate ion to the selenite 
form, loss of selenium to the glass vessel walls as a precipitate of elemental selenium,
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poor recovery during co-piecipitation due to the saline matrix, or the formation and 
loss of the volatile SeCl2  species during the heating process as proposed by some 
authors (72). The second set of experiments was designed to try to eliminate these 
possibilities.
The data for the second set of experiments is presented in Table 9.
Table 9: Selenium Recoveries for Second Set of Experiments with Multiple 
Variables
Boiling Time Other % Recovery
(minutes) Distinguishing of Selenium
Variable
5 **** 75.03
20 **** 73.86
5 28 mg Iron (IB) 82.12
20 50g/lSe 75.11
The data indicates that the highest recovery (82.12%) occurred when the highest 
amount of iron was utilized and that the lowest recovery (73.86%) was obtained for 
the sample boiled for twenty minutes that contained approximately 1 0 0  (ig/1 of 
selenium. The mean recovery for this set of samples was 76.53% with a standard 
deviation of 3.78%. The recovery for the 100 (i.g/1 Se sample boiled for 5 minutes 
(75.03%) is very close to the mean recovery of 75.29% obtained for the same 
procedure used in the first set of experiments. This result indicates the precision of 
the process and permits the direct comparison of the two sets of data. The recovery 
for the sample in which 28 mg of iron was used of 82.12% indicates that the co­
precipitation procedure is working and that the iron hydroxide precipitate is not
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being rendered partially ineffective by the matrix. Further support for the 
effectiveness of the co-precipitation procedure is given by the 75.11% recovery of 
selenium for the sample boiled for twenty minutes that contained half the amount of 
selenium as all the other samples. If the matrix is affecting the recovery, the effect is 
not influenced by the concentration of selenium nor by the amount of iron utilized as 
is expected.
The effect of increasing the boiling time from 5 to 10 or 20 minutes also does 
not seem to adversely affect the recovery of selenium. If a volatile selenium 
compound was produced when the solutions are heated, increasing the boiling time 
fourfold should result in a greater loss of selenium which was not observed 
experimentally. It is possible that the volatile selenium species is only produced 
during a brief initial period, but a dependence upon concentration of selenium in 
solution was expected although not observed. No attempt was made to capture any 
possible volatile species in these experiments due to the complex experimental 
conditions that would be required.
Increasing the time of boiling might also increase the recovery of selenium if 
the reduction is incomplete. The data does not show an increase in selenium 
recovery when the sample is boiled for 10 or 20 minutes as compared to 5 minutes 
which would indicate this is the case.
The possibility that the un-recovered selenium might be adhering to the walls 
of the glassware was discounted since all the glassware utilized in the second set of 
experiments was thoroughly rinsed with concentrated nitric acid and the acid 
collected for analysis. The acid washes had selenium concentrations that were in the 
range of the blanks for the ICAP-MS run indicating that no selenium had been 
removed from the glassware.
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The mean recovery for all the samples in both sets of samples is 76.70% with 
a standard deviation of 3.55%. Although the recovery is low the precision of the 
method appears to be very good. Especially noteworthy is the fact that a great 
amount of variation in the experimental procedure seems to have only minor, if any 
influence, on the results obtained which makes the method particularly attractive for 
routine analysis by one or more workers.
The first sample in the third set of experiments was the deionized water that 
contained both sodium selenite and sodium selenate. The ratio of selenium recovered 
in the first precipitate to that recovered in the second precipitate for this sample was 
6 8 .8 8 % : 31.12%. The calculated ratio of selenite to selenate for this sample was 
47.35% : 52.65%. The total amount of selenium recovered was 79.70% of that 
expected for the sample. The total recovery for the sample was lower than desired 
and the ratio of selenite ion to selenate ion is different than that calculated for the 
sample. The lack of multiple replicates in this sample type makes drawing any 
conclusion tentative at best. However, if the recovery of the selenate is assumed to 
be only 76% in the method, the total amount of selenium accounted for rises to 8 8 % 
and the ratio of selenite anion to selenate anion becomes 63% : 37%. Although still 
not exact the values more closely resemble those expected.
Because the remaining samples in the third set of experiments were seawater 
samples that contained unknown concentrations of selenium percentage recoveries 
cannot be calculated. Therefore, the data presented in Table 10 are the 
concentrations of selenium, in p.g/1, that were determined to be in the seawater as the 
selenite anion (first precipitate) and selenate anion (second precipitate).The mean 
amount of selenite anion calculated to be in the Bodega Bay water was 20.26 ftg/1 
with a standard deviation of 2.76 jig/1. The mean amount of selenate anion was
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24.46 |ig/l with a standard deviation of 11.23 jig/1. The mean of the total amount of 
selenium calculated to be in the bay water was 44.73 fig/1 with a standard deviation 
of 13.72 ng/1.
Table 10: Concentration of Selenium as Selenite and Selenate in Bodega Bay 
Seawater
Sample Precipitation Concentration of Total Selenium
Selenium Concentration
Calculated to be in the Water
in Water (p.g/1) (lig/1)
Bay Water, 1st 2 2 .1 1
1 0 0 % 2 nd 26.70 48.81
Bay Water, 1st 21.59
50:50w dilution 2nd 34.34 55.94
Bay Water, 1st 17.09
Spiked 2nd 12.34 29.43
Except for the value of 12.34 p.g/1 Se as selenate calculated for the spiked 
sample there is a qualitative agreement between the concentrations derived for the 
samples. The qualitative agreement indicates that the seawater matrix, up to 32 parts 
per thousand total salinity, does not appreciably influence the method. The method 
should therefore prove useful for samples that vary in salinity from freshwaters to 
saline seawaters.
The results of these experiments can also be compared to an independent 
analysis of Bodega Bay waters that show a mean concentration of 0.7 ppb selenium 
with a standard deviation of 0.3 ppb for the seven samples analyzed (74). These 
results differ by almost a factor of 75 from the results of the experiments reported 
here. The difference noted may be due to several factors that include: different
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sampling sites within the bay, temporal variability in the selenium loading of the bay 
as the analyses are separated by a year and differences between the efficiency of the 
sample preparation methods employed to recover both the selenite and selenate ionic 
species.
These experiments have shown that boiling a solution, acidified to 4 M in 
hydrochloric acid, is an effective procedure for the reduction of Se(VI) to Se(IV) 
prior to recovery for analysis by co-precipitating the Se(IV) with ferric hydroxide.
Chapter 3
Characterization of Ferric Hydroxide Co-Precipitation Technique
INTRODUCTION:
The experiments in this section describe investigations of the separation of 
selenites from solution by adsorption to ferric hydroxides. Experimental variables 
evaluated include the physical and chemical parameters of temperature, age of 
precipitate, phosphates and whether ferric hydroxides in the mineral phase are as 
effective at removing the selenite as the amorphous form. It has been stated 
previously that the ferric hydroxide co-precipitation process is pH dependent (65) 
but is not adversely affected by the presence of high concentrations of salts as found 
in seawater or even higher concentrations of sodium chloride. Investigation of the 
other items is intended to further characterize the technique and to determine 
conditions that might limit its use. Any dependence on temperature for the technique 
would be important in the processing of environmental samples or use in the field. 
Phosphates are known to bind to iron oxides (75,76) and may prevent the sorption of 
selenite. The selenium extraction efficiency of mineral phases were investigated for 
possible use as an easily prepared stationary phase over which large sample volumes 
could be passed effecting the quick separation of the selenite from solution without 
the need for centrifugation. The technique enables the rapid processing of samples in 
the field giving researchers the ability to perform speciation studies with very little 
added time or expense.
MATERIALS AND METHODS:
All previous investigations had been performed at nominal laboratory 
temperatures of about 20-22° C. These experiments investigated the possible
28
29
influence of both lower and higher temperatures on the co-precipitation efficiency of 
selenium. The selenite test solution used in the reduced temperature experiment was 
prepared by dissolving 0.00198 g of sodium selenite ( Sigma Chemical) in 100 ml of 
>18 megohm deionized water. Five milliliters of this stock solution was diluted to 1 
liter from which the 40 ml sub samples for analysis were taken and placed 
individually into 125 ml Erlenmeyer Flasks. Five sub samples were reserved for 
controls and maintained at 21° C Gab temperature) while five sub samples were 
refrigerated at 2 ° C. When the refrigerated samples had cooled to 2° C, 400 jil of a 
4.74156g / 100 ml FeCl3  • 6 H2 O solution was added to all ten flasks. A cold sample 
and a control were selected at random at time zero and at times of 30,60,90, and 
120 minutes. The pH of each flask was raised to 5-6 with dropwise addition of 1 N 
ammonium hydroxide solution inducing the formation of the ferric hydroxide 
precipitate. The flasks were swirled several times, poured into centrifuge tubes and 
centrifuged for ten minutes in a Hermle Z320 centrifuge at 3400 rpm (1500 x g).
The samples were then decanted and the precipitate in each tube dissolved with 1 ml 
of concentrated nitric acid. The acidified precipitate solutions were transferred to a 
volumetric flask and diluted to 100 ml with DI water. The solutions were then 
analyzed for selenium on a Fisons Plasmsquad D+ICP-MS instrument
The experiment for testing a higher temperature was conducted in the same 
manner as that for reduced temperatures except that 0.00226g of sodium selenite 
was used to prepare the selenium solution and experimental samples were warmed to 
50 ± 3° C in the water bath of a Bucchi Model R rotoevaporator.
To investigate the effect that an aged precipitate might have on the efficiency 
of selenite removal from solution, 36 samples were prepared in acid washed, 
numbered, 60 ml clear glass jars. The samples consisted of 30 ml of >18 megohm
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water to which 400 (i.1 of ferric chloride solution (4.70590g FeCl3  • 6 H2 O in 100 ml 
water) was added. The precipitation of the iron as hydroxides was induced by raising 
the pH of the solutions to pH of 5-6 with IN ammonium hydroxide. The jars were 
capped with teflon lined screw caps and placed in a sealed cardboard box until 
removed for testing. The box was only disturbed for sample removal after 3,7,14, 
28,56, 112 and 224 days. On each of these days, 3 sample jars were selected at 
random for testing. The testing consisted of adding 10 ml of a freshly prepared 
solution of sodium selenite to each jar and the contents mixed, by swirling, for 
several minutes. A control sample was added to each group consisting of 30 ml of 
water to which 10 ml of the selenite solution was added. Four hundred microliters of 
the same ferric chloride solution used previously, that had been stored in a glass flask 
wrapped in aluminum foil to protect it from light, was added to the control and 
brought to pH of 5-6 with IN ammonium hydroxide to induce precipitation The 
solutions were then transferred to 12 ml centrifuge tubes and centrifuged at 3400 
rpm (1500 x g) in a Hermle Z320 centrifuge. The samples were decanted, the 
decantate acidified with concentrated nitric acid (4 ml / 100 ml sample) and diluted to 
50 or 100 ml. Concentrated nitric acid was added to dissolve the precipitates from 
days 3 and 7 but resulted in incomplete dissolution of the iron. When the experiment 
was repeated for these two days and for all the subsequent samples the precipitates 
were treated with 2  ml of concentrated hydrochloric acid followed by 2  ml of 
concentrated nitric acid to effect complete dissolution prior to dilution to 1 0 0  ml.
Three experiments were conducted to investigate the effect of dissolved 
phosphates on the efficiency of the selenite removal process by ferric hydroxides.
The first experiment utilized seven samples, labeled 1-7, of 40 ml volume, that
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contained dibasic potassium phosphate and a control (no. 8 ) that did not contain any 
phosphate. The most concentrated phosphate solution contained 1.01417g of 
K2 HPO4  dissolved in 100 ml of water. A second phosphate solution was prepared 
by diluting 10 ml of the first solution to 100 ml. The remaining samples were 
prepared by further, sequential 1 :10  dilutions. To these solutions, 200 |il of sodium 
selenite solution, prepared by dissolving 0.0042lg in 100 ml of water, was pipetted, 
the solutions were mixed and 400 |xl of ferric chloride solution added (4.80502g/100 
ml FeCl3  ■ 6 H2 O). The pH of samples #3-8 were raised to 5-6 by the dropwise 
addition of IN ammonium hydroxide. Ammonium Hydroxide was not added to 
samples no. 1 and 2 as the pH values for these samples were already 9 and 7, 
respectively after phosphate addition. Samples no. 1 and 2 also exhibited a white 
precipitate. After mixing for a few minutes, the samples were centrifuged and the 
precipitates dissolved in concentrated nitric acid. The decantates from the samples 
were acidified with 2  ml of nitric acid and both decantates and dissolved particulate 
solutions diluted to 50 ml prior to ICP-MS analysis.
The second experiment involving phosphates utilized 10 samples of ferric 
hydroxide precipitate prepared for the experiment investigating the effect of long 
term storage on the selenium removal process efficiency. The preparation of these 
samples was discussed previously. The precipitates had been aged for 315 days 
when used. Duplicates of five sample types were prepared. Two control samples 
had 10 ml of water added to the jars but no phosphates. The samples with the 
highest phosphate concentrations were prepared by adding 10 ml of a 4.07152 g of 
K2 HPO4  in 100 ml of water solution to each jar. This phosphate solution was 
diluted by a factor of ten to obtain the phosphate solution added to the next sample
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set Serial dilutions were performed two more times to obtain the remaining 
samples. To all ten jars, 200 ftl of a 0.00402 gf 100 ml sodium selenite solution was 
added. The samples were processed as described in the earlier phosphate work with 
the exception that the precipitate was dissolved in 2  ml of hydrochloric acid to which 
2  ml of nitric acid is added.
Hie third phosphate related experiment was organized like the second except 
that there was only one control and one sample containing the highest concentration 
of phosphates. An aliquot o f4.01940 g/ 100 ml K2 HPO4  solution was diluted by a 
factor of 1 0 0 0  to provide the 1 0  ml of phosphate solution for the most concentrated 
sample. The subsequent samples were prepared from further serial dilutions of the 
phosphate solutions as described previously. The sodium selenite solution contained 
0.00435 g / 100 ml of water. Sample processing was the same as in the second 
experiment
Two experiments investigated the use of naturally occurring ferrous minerals 
to selectively remove selenite from seleniferous solutions. The minerals tested were 
hematite, micaceous hematite, goethite and dried ferric hydroxide precipitate that 
was prepared as in previous investigations. The minerals, obtained from Ward's 
Scientific (77), were manually ground into small pieces of 1-2 mm in size. The 
minerals were then attached to a metal wafer the size of a quarter with polyester 
resin, Bondo Fiberglass Repair Resin, (78) by dipping the wafer in the resin then 
rolling it in the mineral phase. The resin hardened in less than an hour but was 
allowed to cure for 2 days. The exposed surface area of the mineral phase is not 
known due to the highly irregular shape and orientation of the particles on the 
surface. The wafers were soaked in water for two hours before being suspended 
with silicone tubing in 40 ml of a selenite solution for 2.5 minutes. While suspended, 
the wafers were twirled by hand at a moderate rate. The selenite solution was
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prepared by dissolving 0.00476 g of sodium selenite in 100 ml of water and then 
diluting 10 ml of this solution to 1 liter for use. The pH of the solution was at 5 so 
did not need adjusting. The wafers were then removed and the solution acidified 
with 2  ml of concentrated hydrochloric acid and 1 ml of concentrated nitric acid 
before dilution to 50 ml. The samples were then analyzed by ICP-MS.
The second experiment utilized the same wafers prepared earlier which had 
been stored overnight in deionized water. However, each of the wafers was first 
soaked in a 2 M solution of hydrochloric acid for 5 minutes before being rinsed with 
deionized water until the pH of the rinsate matched that of the deionized water and 
was clear. The wafers were again exposed to a selenite solution and twirled as 
before. Hie selenite solution consisted of0.00299g of sodium selenite dissolved in 
100 ml of water from which a 10 ml aliquot was removed and diluted to 500 ml. 
Again the pH of the solution was about 5. Upon swirling, all the selenium solutions 
became cloudy with particles that had detached from the wafer. The solutions were 
transferred to centrifuge tubes and centrifuged at 3400 rpm (1500 x g) for ten 
minutes to clarify. The decantates of the solutions were acidified with 4 ml of 
concentrated nitric acid and diluted to 100 ml prior to ICP-MS analysis.
Hie final experiment involved the preparation of an ion exchange column 
packed with goethite. The mineral was manually crushed and sieved through a No. 
20 (850 |im) and a No. 10 (2 mm) standard sieves. The portion of the goethite that 
would pass through the No. 10 sieve but would not pass through the No. 20 sieve 
was collected as it did not consist of either very coarse or very fine material. The 
column was prepared in the barrel of a 60 ml polyethylene syringe. Covering the 
outlet of the syringe was a circle of Whatman GF/C glass fiber filter cut to the 
syringe diameter followed by 2 0  ml bed volume of the goethite that had been rinsed
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with deionized water. The column was capped with two more glass fiber circles cut 
to the diameter of the syringe. Deionized water was passed through the column in an 
attempt to remove any loose particles from it. A solution of 2 M hydrochloric acid 
( 1 0 0  ml) followed by a deionized water rinse was then passed through the column to 
remove fine particulate matter and to prepare the mineral phase for exposure to a 
selenite solution.
RESULTS AND DISCUSSION:
The selenite recoveries for the samples and controls testing the effect of a 
lower temperature on the co-precipitation efficiency are presented in Table 11.
Table 11: Selenite Recoveries for Samples at 2 °C and Controls in Micrograms Per 
Liter
Time (minutes) Control-210 C Cold-20 C
0 22.9 23.5
30 22.5 22.8
60 2 2 .1  2 2 .1
90 22.0 22.4
1 2 0  2 2 .1  2 2 .6
Mean 22.3 22.7
Standard Deviation 0.338 0.471
The amount of selenite recovered in the controls is almost exactly the same as that 
recovered from the samples held at 2 °C. The recovered concentrations are also 
close to the 18.1 (tg/l concentration calculated to represent a recovery of 1 0 0 %. 
There is also no difference in recovery as a function of standing time after the 
precipitate is formed. Clearly, reducing the precipitation temperature does not alter 
the ferric hydroxide selenium co-precipitation efficiency.
The selenite recoveries for the samples warmed to 50° C and the controls is 
given in Table 12.
35
Table 12: Selenite Recoveries for Samples at 50 °C and Controls in Micrograms Per 
Liter
Time (minutes) Control-21°C Warm-500 C
0 25.0 24.4
30 25.2 23.6
60 25.3 25.2
90 26.3 23.8
1 2 0 24.5 24.5
Mean 25.3 24.3
Standard Deviation 0.590 0.566
The mean amount of selenite recovered by the samples at 50° C is 1 |Xg/l less than 
the controls which is not a significant difference as tested by the Student's t-test ( a  = 
0.1). The recovered concentrations are also close to the 20.7 g/1 concentration 
calculated to be a recovery of 100%. There is also no difference in recovery with 
time. Therefore, raising the temperature to 50 °C does not adversely affect the ferric 
hydroxide selenium co-precipitation efficiency.
The sodium selenite used for each sampling day and the expected 
concentration calculated if recovery is 100% is provided in Table 13.
Table 13: Sodium Selenite Used and Expected Concentrations for Each Date in 
Long Term Experiments Utilizing Pre-Precipitated Ferric Hydroxides
Day Sodium Selenite Solution Volume Expected
(grams) (liters) Concentration (pg/1)
3A 0.00042 0.500 38.4
7A 0.00153 2 .0 0 35.0
14 0.00052 0.500 47.6
28 Same solution as 
7A
35.0
56 0.00170 2 .0 0 38.9
1 1 2 0.00204 2 .0 0 46.7
224 0.00180 2 .0 0 41.2
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The measured selenium recoveries for the precipitate and decantate samples for each 
time point are presented in Table 14.
Table 14: Selenite Recoveries from Long-Term Pre-Precipitation Study in
Micrograms Per Liter
Day Jar Number Selenium in Selenium in
Total
Selenium
3A 1
Precipitate
57.5
Decantate
2.90
Recovered
60.4
3A control 58.2 1 .0 2 59.2
3A 3 58.2 0.966 58.3
3A 2 57.3 1.25 58.6
7A 1 42.7 1.40 44.1
7A 2 40.5 1.30 41.8
7A 3 42.5 1.80 44.3
7A control 50.8 4.37 55.2
14 12 68.4 4.44 72.8
14 2 0 70.6 no data no data
14 2 1 69.0 1.76 70.8
14 control 72.9 no data no data
28 control 50.8 4.37 55.2
28 8 42.0 3.42 45.4
28 30 42.9 1.40 44.3
28 34 42.8 1.81 44.6
56 control 43.3 3.47 46.8
56 9 39.6 8.15 47.8
56 17 42.1 2.34 44.4
56 15 42.4 2.13 44.5
1 1 2 control 56.4 1.18 57.6
1 1 2 24 55.8 2.81 58.6
1 1 2 1 48.8 1.58 50.4
1 1 2 27 49.4 7.48 56.9
224 16 45.4 11.3 56.7
224 control 47.2 4.79 52.0
224 6 36.7 4.37 41.1
224 19 37.6 8.47 46.1
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The actual recoveries are all slightly greater than that expected for 100% recovery 
(calculated) which is not a problem as the recoveries within each sampling period, 
including the recovery for the controls, are in general agreement. The error in 
recoveries are probably due to errors in volume measurement or in the instrumental 
data.
Table 14 shows that except on day 224 the selenite was efficiently removed 
from solution by co-precipitation with ferric hydroxides. The removal efficiency is 
lower for the samples from day 224 indicating that precipitate aged for this period of 
time or longer should not be relied upon to provide quantitative data but that the 
ferric hydroxide precipitate does still remove selenite from solution.
In addition to further characterizing the speciation technique this experiment 
indicates that ferric hydroxide precipitates selenite under natural aquatic conditions 
thus having the potential to dramatically influence the geochemical fate of selenium 
solutions. Indications are, that under the conditions tested here, the precipitation 
mechanism is not hampered by common physiochemical transformations of the 
precipitate.
The results of the experiment where phosphate was added to the solution 
before the precipitation are given in Table 15.Although the total selenium recovered 
from each sample is considerably less than the 168 g/1 calculated amount, the results 
are very consistent between samples and independent of phosphate concentration 
which suggests a likely methodological error in measuring. In samples no. 3-7 and 
the control the precipitates recovered nearly all of the selenite from solution. The 
results indicate that phosphate concentration, that spanning several orders of 
magnitude, from - 6  (ig/1 to - 6  g/1 does not interfere with the ferric hydroxide co­
precipitation of selenite from solution.
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Table 15: Selenite Recovery by Co-Precipitation from a Phosphate Containing 
Solution
Sample Phosphate
Concentration
Selenium in 
Precipitate 
Oigfl)
Selenium in 
Decantate 
(dg/1)
Total
Selenium
(Mg/1)
1 5.588 g/1 4.92 93.9 98.8
2 0.5588 g/1 4.68 113 118
3 55.88 mg/1 116 6.49 1 2 2
4 5.588 mg/1 113 2.06 115
5 0.5588 mg/1 116 3.09 119
6 55.88 \igfi 114 2.98 117
7 5.588 i^g/1 1 1 2 2.74 115
Control 0 119 2.32 121
Phosphates may interfere with the process when the high concentrations of 
phosphates (> 0 .6  g/1) chemically interfere with the production of the ferric 
hydroxide precipitate.
The results from the first experiment where the ferric hydroxide precipitate 
has already been formed prior to selenite addition are presented in Table 16. Once 
again the experimental values for the selenium recovery are much lower than the 
theoretical 161 |XgA. this difference is not of great concern as the values between 
samples are similar. The discrepancy is probably due to an error in weighing or loss 
of selenite during transfer in an early step. What is significant is that as the 
phosphate concentration decreases from 6  g/1 to 6  mg/1 the percentage of the selenite 
recovered with the precipitate increases from about 5% to 37%. The data suggests 
that the presence of phosphates may interfere with the recovery of selenites by 
previously precipitated ferric hydroxides.
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Table 16: Selenite Recoveries by Pie-Formed Ferric Hydroxide Precipitates from 
Solutions Containing Phosphates
Sample Phosphate Selenium in Selenium in Total
Designation Concentration Precipitate Decantate Selenium
(lig/1) (Hgfl) (|ig/l)
la 5.609 g/1 6.51 1 0 2 108
lb 5.609 g/1 5.99 98.6 105
2 a 560.9 mg/1 7.68 107 115
2 b 560.9 mg/1 8.90 108 117
3a 56.09 mg/1 14.5 111 126
3b 56.09 mg/1 16.0 103 119
4a 5.609 mg/1 53.5 64.4 118
4b 5.609 mg/1 32.5 79.2 1 1 2
control a 0 96.0 26.8 1 1 2
control b 0 132 3.94 136
The data from the third experiment is presented in Table 17. As with the first 
two experiments, the theoretical selenium concentration of 174 [ig/1 is much higher 
than what is observed. The total amount of selenium recovered in both fractions is 
very consistent between the samples. The trend observed in the second experiment is 
paralleled in the third set of samples as might be expected as the experimental 
conditions are the same as the second experiment except that the phosphate 
concentrations are lower. The recovery of 39 %  of the selenite in the precipitate of 
sample no. 4 here matches the mean recovery of 37 % for the samples 4a and b, in 
the previous experiment, which allows for interpretation of both data sets in 
combined form.
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Table 17: Selenite Recoveries by Pre-formed Ferric Hydroxide Precipitates from 
Solutions Containing Phosphates
Sample Phosphate Selenium in Selenium in Total
Designation Concentration Precipitate Decantate Selenium
(g/1) (g/1)
4 5.537 mg/1 48.8 76.6 125
Sa 553.7 pg/1 47.6 76.1 124
5b 553.7 pg/1 107 18.0 125
6 a 55.37 118 5.38 123
6 b 55.37 pg/1 121 5.76 127
7a 5.537 pg/1 125 4.66 130
7b 5.537 pg/1 90.6 38.2 129
control 0 72.8 53.5 126
The percentage of the selenite that is recovered in the precipitate increases as 
the concentration of phosphate decreases. The percentage of selenite recovered 
versus the logarithm of the phosphate concentration (pg/1) is plotted in Figure 1.
Even though the number of data points is limited and there is a fair amount of scatter, 
the percentage of selenite recovered in the precipitate is roughly linear with the log of 
the phosphate concentration below 0.6 g/1. Above this concentration the curve 
appears to flatten, possibly indicating that higher phosphate concentrations will have 
minimal increased adverse affects upon the sorption of the selenite to the precipitate 
At a concentration of about 60 pg/1 phosphate the efficiency of the co-precipitation 
process approaches 100%. These results differ greatly from the results from the first 
experiment that showed little interference with the co-precipitation process from 
phosphates. Although the implications of this phenomenon when the process is used 
as an analytical technique are minimal, the implications for influencing the
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100 -  
9 0 -  
80 -- 
7 0 -  
60 -- 
50 -  
40 -- 
30 -  
20 - -  
10 -
0  - I - - - - - - - - - - 1- - - - - - - - - - 1- - - - - - - - - - 1- - - - - - - - - - 1- - - - - - - - - - 1- - - - - - - - - - 1- - - - - - - - - - 1- - - - - - - - - - 1
0.00 0.74 1.74 2.74 3.74 3.75 4.75 5.75 6.75
Log Phosphate Concentration
Figure 1: Percentage of Selenite Recovered in Precipitate Versus 
Log Phosphate Concentration in Micrograms Per Liter
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geochemical processing and fate of selenite are great. The data suggests that in 
aqueous solutions in contact with ferric hydroxide mineral phases which also contain 
mg/1 quantities of phosphates, these commonly formed hydroxides will probably not 
serve as an efficient scavenger for selenites.
The residual selenite concentrations in the sample solutions, for both 
experiments, after exposure to mineral coated wafers, are presented in Table 18.
Table 18: Selenite Concentrations in Solution After Exposure to Mineral Coated 
Wafers
Wafer
Coating
Resin Only 
Goethite
No Pre-Treatment Acid Washed
Selenium %  Remaining Selenium %  Remaining 
Concentration in Solution Concentration in Solution
(ligfi)(Hg/1)
204
185
93.4
86.9
no data
16.5
no data
6.13
Hematite 198 93.0 88.7 33.0
Micaceous
Hematite 198 93.0 105 39.0
Ferric
Hydroxide 166
Precipitate
No Wafer- 
Control Solution 213
Concentration
77.9 44.2
269
16.4
The calculated theoretical selenite concentrations in the solutions for these two 
experiments are 218 and 274 |xg/1, respectively. The measured selenium 
concentrations of 213 and 269 jig/1 are very close to the theoretical values. The
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percentage of selenite that remained in solution after mineral surface exposure was 
computed by difference from the measured solution concentrations. The percentages 
for the first experiment range from a high of 93.0% for the hematites to a low of 
77.9% for the precipitates. The immobilized mineral phases tested were not efficient 
at removing selenite from solution and thus would not be acceptable for an analytical 
technique. This experiment also indicates that although the natural minerals could 
act to remove selenite from solution, they would not act as a major sink for selenite 
unless the conditions for adsorption were drastically different from those used in this 
experiment A parameter that might affect the efficiency of removal might be the 
contact time between the mineral phase and the selenite solution.
The results are also interesting in that the dried ferric hydroxide precipitates 
formed in the laboratory did not efficiently remove the selenite from solution. This 
finding is in direct contrast to the results of the experiments conducted where the 
precipitate was aged for a long period of time. Clearly, the act of drying the 
precipitate induced a chemical or physical change that reduced its ability to bind 
selenite.
Once the mineral phases were treated with hydrochloric acid the selenite 
removal efficiency of all the minerals improved substantially with the resulting 
solution concentrations ranging from a high of 39.0 % for micaceous hematite to a 
low of 6.13 % for goethite. With additional experimentation, the goethite and 
possibly the dried ferric hydroxide precipitate could be demonstrated to 
quantitatively remove selenite from test solutions. These mineral phases could then 
be used as a packed stationary phase in a column through which the sample could be 
passed or these could be supported on an inert lattice and immersed in the sample to 
selectively remove selenite. Either technique would enable the rapid processing of 
samples in the field that would be advantageous in speciation studies.
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A more important observation is that removing some or all of the outermost 
layer of iron from the mineral phase surfaces, while it is immersed in an aqueous 
solution, changes the surface characteristics of the mineral phase enough to permit 
selenite to associate with the surface.
Ultimately, the column packed with goethite was never utilized in an attempt 
to remove selenite from an aqueous solution prior to analysis. The mineral phase 
never stabilized physically to the point where a solution could be passed through the 
column and not have a large quantity of fine particulates wash off. Since it is likely 
that selenite would associate with this fine particulate matter due to the high surface 
area of the particles and intimate contact with the solution complete removal of 
Se(IV) would not be achieved. The goethite column separation step would need to 
be supplemented by centrifugation of the sample which defeats the intent of using the 
column.
Chapter 4
Studies to Determine the Rate of Interconversion Between die 4+ and 6+ 
Oxidation States of Selenium in Aqueous Solution
INTRODUCTION:
The physiological and chemical characteristics of selenite and selenate are 
similar in certain ways but yet are different in others. For instance, both forms are 
similar in that both are absorbed from the food through the small intestine to provide 
the traces necessary for proper physiological function (9,14,16). An excess of either 
can be toxic to an individual or lower fecundity (6 ,8 ). Selenates are more soluble 
than selenites but the difference is usually insignificant in the environment because 
the solubility of both in natural waters is quite high (9).
The main differences between the forms are physiological and geochemical. 
Selenites are considered to be more toxic than selenates (6,8,28). The geochemical 
cycling of Se(IV) and Se(VI) are different. Under favorable conditions, selenites can 
bind to hydrous metal oxides while selenates do not. These differences in binding 
have environmental implications ranging from influencing the total amount to the 
bioavailability and relative toxicity of the selenium found in the water column.
In order to better predict the geochemistry and potential impacts upon the 
biota in an ecosystem, the chemical behavior of selenium must be documented. One 
of the most important characteristics of selenium which has not yet been documented 
is the rate of interconversion between the 4+ and 6 + oxidation states in aqueous 
solution. The purpose of the experiments reported here is to determine the rate of 
conversion from the 4+ and 6 + oxidation states of selenium emphasizing the effects 
of variable pH, salinity and dissolved oxygen that reflect conditions encountered in 
natural ecosystems. Additional studies, elucidating the possible effects of other
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agents on the rate, would also prove valuable. For instance, cobalt(II) sulfate is a 
known catalyst for the oxidation of sulfite to sulfate in low pressure boilers. Cobalt 
could also catalyze the oxidation of selenite to selenate and would increase the rate 
of oxidation. Other elements which might influence the interconversion rates of 
selenium would be those that are commonly found at relatively high concentrations in 
the aquatic environment such as zinc, manganese and iron.
MATERIALS AND METHODS:
The purpose of the preliminary experiments was to quantify the rate of 
conversion between the selenite and selenate forms of selenium in aqueous solution.
It was believed that by manipulating the chemical and physical conditions, such as pH 
and dissolved oxygen content of aqueous solutions of selenium, that the conversion 
of one oxidation state to the other would be observed. The water used in these 
preliminary experiments, and all others until noted, was boiled for 1 0  minutes and 
then sparged with the gas that was to be utilized in the experiment until it cooled to 
room temperature. Sparging lasted for a minimum of 12 hours but typically was 
continued for 24 hours and ensured the saturation of the water with the gas of 
interest.
The first experiment was conducted to illustrate that the conversion of 
selenite to selenate would not proceed quickly or at all in the absence of oxygen. A 
10 ml aliquot of a 0.00473 g /100 ml sodium selenite solution was diluted to 2 liters 
with >18 megohm water that was sparged with argon at 12.5 ml / minute. The 
solution pH was adjusted to 7 with dilute sodium hydroxide and argon bubbled 
through the system. Expecting the oxidation to proceed on a time scale similar to 
that of the oxidation of sodium sulfite to sulfate the reaction mixture was sampled 
periodically over 2  hours to show the lack of oxidation.
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The intent of the second experiment was to measure the conversion of 
selenite to selenate in an oxygenated system. Tlie solution used consisted of 1 0  ml of 
a 0.00427 g /100 ml sodium selenite solution that was diluted to 2 liters with air 
sparged water. The pH was adjusted to 7 and air bubbled through the system. 
Expecting the active aeration to hasten the expected oxidation the solution was 
sampled for only 4 hours.
The experimental times were increased for the next two experiments with the 
intent of noting the oxidation of selenite to selenate. The first experiment lasted 
97 hours and utilized a sodium selenite solution prepared from 10 ml of a 
0.00450 g /100 ml solution diluted to 2 liters. The next experiment lasted 458 hours 
with a similarly prepared sodium selenite solution prepared from 0.00459 g. Both 
solutions were adjusted to pH 7 and sparged with air for the duration of the 
experiment The amount of elapsed time between samples was also increased to 
12 and 24 hours to make the sampling effort more manageable.
The next experiment maintained the same experimental conditions except that 
the starting form of the selenium was the higher oxidation state selenate and not 
selenite. The selenate was tried as a starting material to determine if the reduction of 
selenate to selenite was favored under these experimental conditions. The 
experimental solution was prepared by diluting 1 0  ml of a sodium selenate solution 
(0.00527 g/100 ml) to 2 liters and adjusting the pH to 7. Air was bubbled through 
the experimental solution for the 96 hours of the experiment
To replicate the findings of the previous experiment, a similar one was 
conducted that operated for 204 hours. The amount of sodium selenate used to 
prepare the solution, as described for the previous experiment was 0.000540 g.
A system saturated with air would not be expected to be conducive to the
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reduction of selenate to selenite as attempted in the previous two experiments. 
Therefore, the selenate solution in this experiment was sparged with argon instead of 
air. The reactant mixture consisted of 10 ml of a 0.00498 g /100 ml sodium selenate 
solution diluted to 2 liters Again, the solution was adjusted to pH 7. Samples of the 
solution were taken over the 168 hours of the experiment.
The preparation of the components of the reaction chamber differed for this 
experiment. Unless noted, the new method of preparing the reaction chamber was 
utilized in all subsequent experiments. The intent of these preparations was to 
minimize the likelihood of microorganisms inhabiting the reaction chamber and 
possibly influencing the rates of selenium conversion from one oxidation state to the 
other. Instead of boiling, the water used in the reaction chamber was autoclaved for 
30 minutes at 121 °C in an Amresco Autoclave. The reaction chamber, utensils and 
glassware utilized in solution preparation, 0.2 pm FIFE Aero 50 filter discs, Nalgene 
polyvinyl tubing and water used for rinsing were also autoclaved in this manner. The 
rest of the apparatus including the rubber stoppers, pH and dissolved oxygen probes, 
and glass tubes were sanitized by immersing them in a bleach solution for a minimum 
of 10, but up to, 30 minutes. - For this experiment, the bleach concentration was 10% 
but for later experiments it was reduced to 1%. The sanitized equipment was rinsed 
by immersion in autoclaved water where it remained until quickly installed in the 
chamber before the experiment began.
Aero 50 discs were inserted into the inlet and outlet lines of the reaction 
chamber to prevent microorganisms from entering the chamber. The discs used in 
the acid and base lines were pie-treated, after autoclaving, by filling them and the 
connecting tubing with methanol. The methanol was used to wet the PTFE niters so 
that the aqueous solutions would pass through them but was removed before the
49
reaction chamber was set up by attaching the niters to the acid/base supply lines and 
activating the pumps. The pumps were allowed to operate slowly, at a flow rate of 
about 0.5 ml per minute for several minutes after acid and base were detected at the 
outlet. The filters placed in the air inlet and outlet lines were not pre-treated as the 
air readily passed through them.
The first test of die new experimental designed to exclude microorganisms 
utilized sodium selenate. The reaction mixture consisted of 10 ml of a 
0.00649 gf 100 ml sodium selenate solution diluted to approximately 2 liters and 
adjusted to pH 7. The exact concentration of selenium is not known as the amount 
of water in the reaction chamber was not precisely measured in an effort to minimize 
the possibility of microbial contamination. Periodic samples were taken from the 
system during the 300 hours that it was sparged with air.
Free from the possible interferences from microbial activity, an earlier 
experiment to detect the conversion of selenite to selenate was repeated. 
Approximately 2 liters of test solution was prepared from 10 ml of a 
0.00488 g /100 ml sodium selenite solution and adjusted to pH 9. Air was bubbled 
through the system for the 204 hour duration of the experiment.
The previous experiment was repeated using an initial sodium selenite 
solution concentration of 0.00451 g /100 ml. This phase of the experiment lasted for 
180 hours with samples being taken every 12 hours. The system was then perturbed 
by the addition of 6  ml of a 0.00260 g/ 1 0 0  ml sodium selenate solution that was 
rinsed into the reaction chamber with 50 ml of autoclaved, deionized water. The 
selenate was added to the system to test the possibility that a mixture of both the 
selenite and selenate forms of selenium in the same solution would induce the
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detectable oxidation of the selenite or the reduction of the selenate. The system 
continued to be aerated for the 144 hours of the second phase of the experiment with 
sampling conducted every 1 2  hours.
The experiment was repeated to replicate the findings. The reactant mixture 
for this experiment consisted of 10 ml of a 0.0039lg /100 ml sodium selenite solution 
diluted to about 2 liters with an adjusted pH of 9. Again, air was bubbled through 
the system. This first phase of the experiment lasted for 96 hours after which time 
the system was perturbed by the addition of 3 ml of a 0.00172 g /100 ml sodium 
selenate solution that was rinsed into the reaction chamber with 50 ml of autoclaved 
water. Additional samples were obtained during the 132 hours of this phase of the 
experiment. The system was then further perturbed by the addition of 2 ml of a 3% 
hydrogen peroxide solution (A&P Brand) that was rinsed into the chamber with 
50 ml of water. The system was sampled for an additional 96 hours. The hydrogen 
peroxide was expected to oxidize the selenite in the reaction solution to selenate.
One reason for performing this act was to test whether or not a change in oxidation 
state would be detected. Hie addition of the hydrogen peroxide would also give an 
indication of the difficulty of oxidizing the selenite to selenate under these 
experimental conditions.
In an effort to stimulate the oxidation of selenite to selenate the temperature 
of the reaction chamber was raised to 30 ± 2 °C. This temperature was selected as it 
represented an almost 50% increase over the ambient laboratory temperature and yet 
is not so high that the water in some natural aquatic systems might attain this 
temperature. The temperature in the chamber was maintained higher than in the 
laboratory by pumping heated water through a copper jacket placed around the 
chamber. The jacket consisted of 47 linear feet of 1/4 inch inner diameter copper
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tubing that was coiled around the reaction chamber. The copper tubing then was 
covered with a 2 inch thick layer of polyurethane foam insulation. Water that was 
wanned in the water bath of a Bucchi Model R rotoevaporator was pumped through 
the tubing, in the bottom and out the top, at a flow rate of 10 ml per minute.
The reaction mixture consisted of 10 ml of a 0.00381 g/ 100 ml sodium 
selenite solution, followed by a 50 ml deionized water rinse, added to approximately 
2 liters of water that was already in the reaction chamber. The pH of the reaction 
chamber was adjusted and maintained at a value of 9 and air was bubbled through the 
system. Sampling was conducted for a period of 107 hours.
Although no longer in an environmentally relevant range, the temperature of 
the water bath was then raised to 40 ±  2 °C, which occurred within 30 minutes. The 
lag time required for the reaction chamber to attain a temperature of 40 °C is not 
known. Samples of the reactant solution were obtained for an additional 96 hours.
The temperature of the water bath was then raised to 50 ± 2  °C and the 
reaction solution sampled for an additional 120 hours. While maintaining the 
temperature at 50 °C, 5 ml of a 0.00301g /100 ml sodium selenate solution was 
rinsed into the chamber with 50 ml of deionized water. Sampling proceeded for 48 
more hours.
The next series of experiments were conducted to ascertain whether the 
oxidation of selenite to selenate could be catalyzed by other elements dissolved in the 
aquatic system. The first attempt utilized the metal cobalt This element was chosen 
not because it is commonly found at high concentrations in natural aquatic systems 
but because cobalt(H) sulfate is a known catalyst added by industry to boiler 
treatment formulations that are intended to remove oxygen from the water. The 
treatments utilize sodium sulfite which reacts with the oxygen in the boiler and forms 
sulfate.
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The reactant mixture for this experiment consisted of 10 ml of a 
0.00374 g/100 ml sodium selenite solution diluted to about 2 liters at a pH of 9. 
After 48 hours of aeration 3 ml of a 0.00166 g/ 100 ml cobalt(II) sulfate 
heptahydrate solution was rinsed into the reaction chamber with 60 ml of autoclaved 
water. The system was sampled for 48 hours at which time an additional 3 ml of a 
cobalt(II) sulfate heptahydrate solution (0.00425 g/100 ml) was rinsed into the 
vessel with 60 ml of water. Sampling continued for an additional 97 hours.
Since the cobalt is used as a catalyst in boiler systems it is possible that 
elevated temperatures would be needed for the catalyst to be effective. Raising the 
temperature of the system to the temperatures at which boilers operate was 
impractical so another source of potential activating energy was employed. The 
aluminum foil was removed from the reaction chamber and a compact fluorescent 
light placed about an inch from the exterior of the chamber. The 1500 lumens of 
light was emitted from a bundle of four parallel glass tubes that are about 11 cm in 
length. The light was centered on the chamber vertically and on the diagonal with 
respect to the bundle in order to maximize the amount of incident light. The contents 
of the chamber were sampled for 182 hours.
The remaining metals tested for potential catalytic activity in the oxidation of 
selenite to selenate are more commonly found in aquatic systems than cobalt 
Copper was the first metal tested. The reaction mixture for this experiment consisted 
of 10 ml of a 0.00343 g /100 ml sodium selenite solution diluted to about 2 liters.
The system was maintained at a pH of 9 and air was bubbled through the solution. 
The reactant mixture was periodically sampled over the initial 96 hours of the 
experiment to ensure that the oxidation process was not detected. The system was
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then perturbed by the addition of 10 ml of a 0.00458 g /100 ml copper(U) sulfate 
pentahydrate solution that was rinsed into the reaction chamber with 50 ml of 
autoclaved water. Additional samples were obtained during the 120 hours that the 
experiment continued to operate in this mode.
To reduce the time expended in cleaning and preparation, the system was 
perturbed again rather than terminating the experiment and beginning anew. If 
oxidation is detected, further experiments would be employed to determine whether 
the oxidation was due to the second metal or as a result of a synergistic effect of the 
two. The system was perturbed this second time by the addition of 13 ml of a 
0.00457 g /100 ml zinc(II) chloride solution that was rinsed into the chamber with 
50 ml of water. The system was sampled for an additional 109 hours.
The pH controller was then reset to maintain a pH of four. The pH of the 
reactor solution was quickly reduced to the new set point by the automated addition 
of dilute hydrochloric acid and was maintained at this value for the remaining 
95 hours of the experiment.
The next metal tested for catalytic action was manganese. The experimental 
procedure was the same as described for copper except that 0.00293 g of sodium 
selenite was used and the time of sampling prior to perturbation was only 48 hours. 
To perturb the system, 4 ml of a 0.00298 g/ 100 ml manganese chloride solution was 
rinsed into the reaction chamber with 60 ml of autoclaved water. Samples of the 
reactor solution were taken for 144 hours.
A second commonly encountered element in natural aquatic systems, iron, 
was then added to the system. Five milliliters of a 0.00525 g /100 ml ferrous 
chloride solution was rinsed into the chamber with 60 ml of water. The ferrous form
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of iron was added to the system as the ferric form would immediately form a 
precipitate and scavenge the selenite from solution at this pH. Sampling continued 
for 144 hours.
Particulate iron was next added to the system to potentially act as a 
heterogeneous catalyst. Approximately 1.5 ml of ground goethite mineral was 
slurried into 50 ml of water and added to the reactor contents. A 50 ml wash of 
autoclaved water followed. The system was then sampled for an additional 48 hours.
The search for factors that could influence the speciation of dissolved 
selenium in aquatic systems turned from physical and chemical agents to the 
possibility of microorganisms. The intent of the first experiment was to grow a 
culture of microorganisms to use as a potential innoculant for a later experiment.
For this purpose, a separate apparatus was constructed. Inserted through a no. 8 
rubber stopper was a sintered glass sparger. When the rubber stopper was loosely 
placed into the mouth of a 2.5 liter aspirator jar the sparger extended into the 
solution to a height of 3 cm above the bottom. In the bottom of the jar was a 47 mm 
teflon coated magnetic stir bar that was kept in motion by a Thermolyne Stir plate. 
The jar was not autoclaved nor was any attempt made to sanitize the apparatus. The 
experimental set up therefore approximated that utilized in the first experiments 
employing the reaction chamber. Air was pumped through the sparger by a Fritz 
Mighty IH aquarium pump. The reactant solution for this experiment consisted of 
10 ml of a 0.00300 g/100 ml sodium selenate solution added to about 2.2 liters of 
water. The pH of the system was not adjusted and ranged from 5-6 when tested with 
pH indicator strips. The system was periodically sampled over the initial 70 hours of 
the experiment
To better approximate the experimental set up of early experiments and to 
screen a potential source of microorganisms, the charcoal trap from the reaction
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chamber was placed into the air supply tubing of the aspirator jar. The solution was 
then sampled for 72 more hours.
Continuing to search for a source of microorganisms capable of reducing 
selenate to selenite, 10 ml of seawater from Bodega Bay, California, that had been 
stored refrigerated for 21 months was added to the jar. The system was sampled for 
an additional 133 hours.
The volume of solution in the aspirator jar had been reduced substantially so 
it was replenished with 10 ml of a 0.00402 gM00 ml sodium selenate solution and 
deionized water to achieve a final volume of about 2400 ml. The solution was 
aerated for 13 days before a 48 hour sampling period was initiated. No sample was 
ever utilized as an innoculant.
The next experiment was initiated to receive the innoculant produced in the 
previous experiment. The reaction chamber was utilized in the standard manner for 
this experiment. The reaction mix ture consisted of 10 ml of a 0.00276g/100 ml 
sodium selenate solution diluted to about 2 liters with the pH adjusted to 7. The 
solution was aerated. No innoculant from the previous experiment was available 
after the initial sampling for 46 hours to demonstrate the absence of reduction, so the 
0.2 |im filters were removed from the chamber, opening the system to the possible 
introduction of microorganisms from the laboratory. Hie reactor solution were 
sampled for 133 hours after which time the contents of the reaction chamber was 
transferred to a 2800 ml Erlenmeyer flask outfitted in a fashion similar to the 
aspirator jar. No additions were made to the contents of the flask. The solution was 
aerated for 13 days after which the system was sampled for 48 hours.
The next two experiments were intended to screen two potential sources of 
microorganisms that would effect the reduction of interest. Both solutions were
56
prepared from a 10 ml aliquot of a 0.00395 g / 100 ml sodium selenate solution that 
was diluted to approximately 2 liters. One solution was aerated in the 2800 ml flask 
mentioned previously. After an initial screening period of 85 hours 30 ml of 
composite refinery effluent collected from Refinery X (see Chapter 7) located 
adjacent to San Francisco Bay, California, during the month of September 1993 was 
added to the system. Sampling was conducted for 398 hours.
The second experimental solution was placed into the aspirator jar, mixed 
with 200 ml of the solution from the first experiment conducted that attempted to 
grow a culture of organisms that had been aerated for an additional 63 days, and 
aerated. After an 85 hour sampling period the system was perturbed by the addition 
of about 4 g of sediment collected from Pass Fourchon, Louisiana, on 6-22-95 that 
was stored refrigerated at 4°C in a sealed glass jar for two weeks. This sediment was 
chosen as it evolved the odor of "rotten eggs" which often indicates the presence of 
sulfate reducing bacteria. Sampling the system then proceeded for 398 hours.
A 10 ml aliquot of the preceding solution was added to a freshly prepared 
reaction mixture consisting of 10 ml of a 0.00471 g/ 100 ml sodium selenate solution 
diluted to about 2 liters placed into the 2800 ml Erlenmeyer flask. The solution was 
aerated and no adjustment was made to the pH. After sampling for 85 hours, the 
system was perturbed by the addition of approximately 3 g of Pass Fourchon 
sediment that had been stored at room temperature for 32 days. Sampling continued 
for an additional 61 hours. The reaction solution was then spiked with 600 ml of 
dechlorinated water from the laboratory supply as it too possesses the odor of 
"rotten eggs" when the spigot is initially opened. The system was sampled for 60 
more hours.
Also prepared from 10 ml of the selenate solution described in the preceding 
paragraph was an additional reaction mixture of about 2 liters that was placed into
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the aspirator jar and aerated. After 85 hours during which the solution was sampled, 
approximately 3 g of Pass Fourchon sediment that had been stored at room 
temperature for 32 days was added to the system. Sampling continued for 61 hours.
In an effort to improve upon the findings of these experiments, another 2 liter 
solution of sodium selenate was prepared from 10 ml of a 0.00498g /100 ml solution. 
The system was aerated and about 3 g of constantly refrigerated Pass Fourchon 
sediment was added but the pH was not adjusted. Sampling proceeded for 133 
hours.
At hour 60 of the preceding experiment a 50 ml aliquot of the reaction 
solution was added to a solution consisting of 10 ml of a 0.00515 g /100 ml sodium 
selenate solution diluted to about 2 liters. The system was sampled for 54 hours. 
This intent of this experiment was to attempt to generate a second culture from one 
initiated by the addition of sediment.
To further test the ability of an innoculum of the reaction solution to start a 
new culture, 50 ml of the solution from the preceding experiment was added to 
another reaction solution. The transfer was performed at hour 22 of the previous 
experiment. The solution receiving the innoculation consisted of 10 ml of a 
0.00512 g /100 ml sodium selenate solution diluted to about 2 liters. This system 
was aerated and sampled for 85 hours.
A final experiment, employing sediment from Pass Fourchon, was conducted 
to determine if the sediment, without viable microorganisms, would effect any 
reduction of selenate to selenite. The reactant mixture for this experiment consisted 
of 10 ml of a 0.00426 g1 100 ml sodium selenate solution diluted to approximately 
2 liters that was placed into the sanitized reaction chamber. Approximately 1 g of 
Pass Fourchon sediment that had been autoclaved for 30 minutes at 121 °C was
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added to the chamber. The sediment had been refrigerated constantly at 4° C before 
being autoclaved. The solution was aerated at 270+ ml per minute and the pH 
maintained near 7. The system was then sampled for 96 hours.
The final culturing experiments were conducted in two 1 liter glass jars. 
Inserted into both jars, through loosely fitting rubber stoppers, were glass tubes 
which were connected to medium-coarse aquarium air stones. Air was pumped 
through both air stones by a Fritz Mighty m  air pump. One of the jars contained a 
growth medium tailored after a formula for sulfate reducing bacteria published by the 
Difco Company (79) while the other contained a lactate broth derived from a formula 
published in the Manual of Methods £qe General Bacteriology (80). Both broth 
solutions were modified to replace all sulfates with an equimolar amount of selenate 
while maintaining the other constituents at the same level specified in the formulas. 
The formulations used are presented in Appendix 5. Neither the jars nor the broths 
were autoclaved before use. Samples were removed for testing for 85 hours after 
initiating the experiments. The systems were then perturbed by the addition of about 
3 g of the refrigerated Pass Fourchon sediment and the sampling continued for an 
additional 61 hours.
RESULTS AND DISCUSSION:
The results for the preliminary investigations are presented in Tables 19-25 
and Figures 2-28. The data obtained for the first experiment is presented in Table 
19. The total time of the experiment and the number of samples were limited in this 
early investigation of the oxidation of selenite to selenate in the absence of oxygen at 
pH 7. The data indicates that there was not an appreciable amount of oxidation of 
selenite to selenate in the two hour experimental period.
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Table 19: Selenium Speciation in Samples from the Two Hour Experiment on the 
Oxidation of Dissolved Selenite at pH 7 while Sparging with Argon
Time Selenate Selenite Total Selenium Total Selenium
(Hours) Concentration Concentration (Additive - pg/1) (Measured - (ig/1)
Otg/1) (pg/1)
0 1.72 93.1 94.8 90.7
0.5
1 2.22 91.2 93.4 89.0
2 2.51 91.7 94.2 88.3
The second experiment was intended to measure the oxidation of selenite to 
selenate at pH 7 in an aerated system. The data for this experiment is presented in 
Table 20.
Table 20: Selenium Speciation in Samples from Four Hour Experiment Attempting 
to Oxidize Dissolved Selenite in an Aerated Solution at pH 7
Time
(Hours)
Selenate
Concentration
(llg/1)
Selenite
Concentration
(itg/D
Total Selenium 
(Additive - pg/1)
Total Selenium 
(Measured - pg/1)
0 2.91 85.4 88.3 88.9
0.5 3.10 87.2 90.3 86.0
1 2.90 86.0 88.9 86.9
2 1.55 87.4 89.0 86.2
4 2.91 85.7 88.6 85.5
The data indicates the lack of oxidation of selenite to selenate in four hours even in 
the presence of dissolved oxygen.
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The next two experiments duplicated the efforts of the previous experiment 
except that the experimental period was increased to 97 and 458 hours. The data for 
these two experiments is presented in Table 21, Figure 2, Table 22 and Figure 3, 
respectively.
Table 21: Selenium Speciation in Samples from 97 Hour Experiment Attempting to 
Oxidize Dissolved Selenite in an Aerated Solution at pH 7
Time Selenate Selenite Total Selenium Total Selenium
(Hours) Concentration Concentration (Additive - p.g/1) (Measured - pg/1)
(Hg/1) (Mg/1)
0 2.00 81.4 83.4 80.2
4
£
2.23 80.6 82.8 80.1
0
12 . . . . .
24 2.50 82.0 84.5 80.9
36 ------ ------
48 2.06 82.9 85.0 80.7
60 ------ ------
72 2.30 81.8 84.1 80.2
97
Table 22: Selenium Speciation in Samples from 458 Hour Experiment Attempting
Oxidize Dissolved Selenite in an Aerated Solution at pH 7
Time Selenate Selenite Total Selenium Total Selenium
(Hours) Concentration Concentration (Additive - Mg/1) (Measured - Mg/1)
(UgA) (Mg/1)
0 . . . . .
24
48 ------
72 2.92 102 105 105
96 3.20 103 106 104
120 3.52 103 107 104
144 4.63 103 108 105
168 3.90 102 106 105
192 3.97 103 107 107
(table con'd.)
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216 4.25 105 109 107
240 2.84 100 103 106
264 2.64 107 110 109
290 3.96 105 109 108
314 4.94 104 109 106
338 4.31 103 107 107
362 3.18 103 106 104
386 4.02 104 108 104
410 4.32 102 106 103
434 4.26 104 108 105
458 105 108 105
mean 3.80 103 107 106
std. dev. 0.432 1.58 1.78 1.62
No discernible changes were observed in the oxidation state of the dissolved 
selenium in either experiment. The effectiveness of the co-precipitation procedure is 
evident by the close agreement between the total additive and total measured 
selenium concentrations. The standard deviations are also small in comparison to the 
data values (< 2% ) indicating that there is only a small amount of random error 
associated with the method.
The experimental variables from the preceding experiments were maintained 
for this experiment except that the selenium added to the system was in the selenate 
and not the selenite form. The results from this experiment are presented in Table 23 
and Figure 4. The data indicate that a significant proportion of the selenate added to 
the system had undergone reduction to selenite in some of the samples. Maximal 
conversion was detected in the 48 and 84 hour samples as indicated by the decrease 
in the selenate concentration and an increase in the selenite concentration. The 
reduction of selenate in an aqueous solution saturated with air was unexpected. The 
reduction process also appeared to be at least partially reversible. The values for the 
total additive selenium concentration were much lower than for the total measured
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Table 23: Selenium Speciation in Samples of an Aerated Sodium Selenate Solution 
at pH 7
Tune Selenate Selenite Total Selenium Total Selei
(Hours) Concentration Concentration (Additive - Hg/1) (Measured
(Hfi/1) (M-g/l)
0 60.7 19.7 80.4 80.9
12 71.2 4.84 76.0 82.1
24 72.7 5.89 78.6 81.0
36 71.8 4.07 75.9 80.6
48 43.3 37.4 80.7 80.0
60 47.1 23.5 70.6 80.6
72 50.5 7.40 57.9 80.4
84 26.2 57.5 83.7 80.0
96 60.8 4.61 65.4 80.1
mean 56.0 18.3 74.4 80.6
std.dev. 15.7 18.6 8.31 0.661
selenium concentrations for the samples from hours 72 and 96. The discrepancy 
could be the result of methodological error or suggests the presence of other forms 
of selenium in the system.
The small value for the standard deviation for the total measured selenium 
concentration indicates that there is only a slight variation in the data due to 
instrument variability. The standard deviations for the selenate, selenite and total 
additive concentrations are much greater. The large standard deviations observed 
indicate that the variability in the data is likely due to factors other than just random 
methodological error. This assumption is particularly relevant to the selenite data 
which cannot show a normal distribution of error as expected because negative 
numbers, that are unreasonable experimentally, fall within 1 standard deviation of the 
mean. The data appears skewed toward higher concentrations for some samples. 
One outlier as indicated by a the sample z-Score of 2.11 is the selenite value of 57.5 
for hour 84.
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The findings of a replicate experiment that operated for a duration of 204 
hours are presented in Table 24 and Figure 5.
Table 24: Selenium Speciation in Samples of Replicate Experiment Utilizing an 
Aerated Sodium Selenate Solution at pH 7
Time Selenate Selenite Total Selenium Total Sele
(Hours) Concentration Concentration (Additive - p.g/1) (Measured
(Hg/1) (Mg/1)
0 74.6 3.79 78.4 84.4
12 95.5 3.85 99.4 102
24 14.4 87.2 102 102
36 72.4 12.2 84.6 102
48 93.0 4.20 97.2 107
60 47.1 51.6 98.7 107
72 38.1 4.49 42.6 108
84 98.7 4.28 103 107
96 53.4 33.4 86.8 108
108 91.9 8.37 100 109
120 88.8 5.17 94.0 109
132 72.8 4.49 77.3 107
144 71.6 5.50 77.1 108
156 33.0 71.6 105 109
168 97.8 5.66 104 107
180 91.6 5.17 96.8 108
192 74.6 105
204 7.98 109
mean 70.9 21.9 90.4 106
std.dev. 26.3 28.7 16.0 5.78
This experiment also showed that in certain samples a significant percentage of the 
selenium in the sample is found in the 4+ oxidation state and not the 6+ oxidation 
state initially added to the system. The samples containing the most selenite were 
those collected at 24, 60, 156 and 192 hours. It is important to note that these are 
not the same times at which the largest amounts of selenite were found in the 
previous experiment. The causal factor resulting in reduction appears to have been
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present in both experiments but the time required for initial reduction to occur 
differed between the two experiments. The period between observed successive 
maxima in the selenite concentrations of 36 hours was however the same in the two 
experiments. The maxima is not repeated at hour 132 in this experiment but the 
period between the next two maxima at hours 156 and 192 is 36 hours again.
All measures were more variable for this experiment as indicatd by the 
standard deviations. The standard deviation for the total measured selenium 
increased to nearly 6 % but is still good. The distribution for the selenate values is 
highly variable and may not be normal. The distribution for the selenite values again 
may not be normally distributed and contains the z-Scoie outlier of 87.2 for hour 24. 
Once again indications are that the fluctuation in the data is not just due to the 
methodology.
The cyclic nature of the reduction maxima and the variable time period before 
the first reduction event suggested that the process may be biologically mediated. An 
organism may use the selenate as an electron sink in respiration that leaves the 
selenium in the reduced state. The cyclic nature of the process could correspond to 
the growth phase of a population of microorganisms that results in the reduction of a 
large percentage of the selenate. The selenite, which is more toxic to many 
organisms or possibly another metabolite, could then induce a die-off. The selenite is 
then reoxidized to selenate which reduces the toxicity of the medium and restores the 
electron sink re-establishing favorable conditions for growth and a subsequent cyclic 
increase in the population. Other forms of selenium may also participate in the cycle 
as suggested by the reduced additive total selenium values that were noted in one of 
the experiments.
The different times noted for the first maxima in reduction to occur can also 
be explained if a microorganism is involved. The time for the introduction of the
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organism into the system, if it is not ubiquitous, or the induction period leading to 
growth, would be somewhat variable between experiments. Although boiling does 
not totally ensure disinfection of the water, the likely source of the organism is from 
the air. The amount of air pumped into the system and the chance travel of the 
organism into the pump and through the tubing would all affect the rate of 
population establishment
The results for the next experiment utilizing a sodium selenate solution at pH 
7 that was sparged with argon are presented in Table 25 and Figure 6.
Table 25: Selenium Speciation in Samples from Sodium Selenate Solution at pH 7 
Sparged with Argon
Time Selenate Selenite Total Selenium Total Sele
(Hours) Concentration Concentration (Additive - |ig/l) (Measured
(ltg/1) (ltg/1)
0 93.8 6.60 100 106
12 99.6 3.24 103 101
24 85.5 5.14 90.6 99.8
36 73.2 1.78 75.0 95.7
48 105 3.83 109 100
60 78.1 27.0 105 100
72 64.2 3.34 67.5 101
84 79.1 4.60 83.7 103
96 85.2 4.49 89.7 107
108 85.5 9.04 94.5 104
120 87.9 13.5 101 106
132 85.4 7.82 93.2 107
144 98.5 12.9 111 103
156 67.5 25.6 93.1 99.2
168 78.5 18.4 96.9 102
mean 84.5 9.82 94.2 102
std.dev. 11.6 8.10 12.0 3.26
These experimental conditions were expected to be more favorable for the reduction 
of the selenate to selenite. In addition, the conditions were not expected to be
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conducive to the re-oxidation step in the aforementioned cycling. The data for the 
amounts of selenates in the samples show minimums for the 36, 72 and 156 hour 
samples. The selenite concentrations for the 36 and 72 hour samples do not show a 
corresponding increase but the sample from hour 156 does. It is possible that 
microbial reduction is occurring and that the selenium not detected as selenite in the 
36 and 72 hour samples is present as an unspecified other form. The 36 hour period 
between the selenate minima is also indicative of microbial activity.
The other possibility is that the low selenate values are a result of an error in 
sample processing or is the result of incomplete reduction of the selenate to selenite 
prior to the co-precipitation by ferric hydroxides. The mean total additive selenium 
concentration of 94.2 compares favorably with the mean total measured selenium 
concentration of 102 pg/1. However, the standard deviation for the additive level is 
over 12% the value which is much higher than the 3 % found for the measured 
values. The standard deviation for the selenate values is over 12 %  of the mean of 
84.5 |ig/l which is higher than desired but there are no outliers as determined with 
the z-Score and the distribution can be normal. The standard deviation for the 
selenite values is almost as large as the mean for these values of 9.82 pg/1 but is less 
than that calculated for the selenate data. The selenite values may not be normally 
distributed and the value of 27.0 g/1 for hour 60 is an outlier worthy of scrutiny with 
a z-Score of 2.12.
If the selenate minima are ascribed to errror, no microbial activity is 
observed. The lack of activity could be the result of an inability of the organism to 
tolerate anaerobic conditions or more likely that the organism is airborne and not 
introduced into the system.
As a result of these experiments the preparation of the components of the 
reaction chamber were altered to minimize the likelihood of microorganisms
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inhabiting the system and possibly influencing the rate of conversion between 
oxidation states. The data from the first experiment utilizing the sanitation measures 
are presented in Table 26 and Figure 7.
Table 26: Selenium Speciation in Samples from an Aerated Sodium Selenate 
Solution at pH 7 in a Sanitized Vessel
Time Selenate Selenite Total Sele
(Hours) Concentration Concentration (Measured
(ltg/1) (M-g/1)
0 112 22.0 137
2 ------
12 120 3.60 137
24 26.4 131
36 9.17 144
48 7.13 142
60 117 8.85 144
72 8.67 146
84 17.4 145
96 ------ 9.53 138
108 128 7.92 148
120 10.3 142
132 39.9 146
144 6.64 143
156 130 7.62 148
168 6.13 143
180 5.07 148
192 ----- 4.82 144
204 27.2 143
216 4.80 135
228 4.09 128
240 ------ 4.50 140
252 128 3.93 143
264 4.96 139
276 12.0 147
288 ------ ------
300 6.78
mean 122 10.8 142
std.dev. 7.26 9.02 5.24
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Again, the reactor solution containing sodium selenate, was maintained at pH 7 and 
was sparged with air. The data shows relative selenite maxima at hours 24, 84,132, 
204, and 276. The dme intervals between the selenite maxima are 60,48, 72 and 72 
hours. The fust two periods do not match the 36 hour period seen in previous 
experiments. The second two periods also do not match the 36 hour period but 
could possibly be considered to have spanned two 36 hour periods. The data also 
differs from that of previous experiments where the system appeared to cycle in that 
no intermediate values showing a slight increase in the selenite values are observed. 
If this system were indeed cycling, one or more of the sampling events would likely 
have fallen at a time where the selenite level was decreasing or increasing relative to 
a maxima.
The standard deviation for the measured total selenium concentration is less 
than 4 % of the mean for these measurements. The standard deviation for the 
selenate data is also good with a standard deviation that is about 7 % of the mean 
concentration. The standard deviation of 9.02 for the mean of 10.8 for the selenite 
concentration is again large, but on the order of that calculated for the selenate data, 
and indicates that the data may not be normally distributed. The value of 39.9 for 
hour 132 is an outlier with a z-Score of 3.22
The increases in selenite concentrations may be random errors resulting from 
sample processing. The conclusion drawn from this experiment is that the new 
procedures of autoclaving and sanitizing, and the use of filters has removed the 
confounding action of microorganisms on the system. The experiment then shows 
that in the absence of microorganisms no reduction occurs for 300 hours under these 
conditions.
69
Free from the possible interferences from microbial activity, an earlier 
experiment to detect the oxidation of selenite to selenate at pH 9 with aeration was 
repeated. The results of this experiment are presented in Table 27 and Figure 8.
Table 27: Selenium Speciation in Samples from Experiment Attempting to Oxidize 
Sodium Selenite Solution at pH 9 with Air
Time Selenate Selenite Total Selenium Total Sele
(Hours) Concentration Concentration (Additive - pg/1) (Measured
(ngfl) (ng/i)
0 2.78 101 104 107
12 9.68 95.0 105 118
24 39.3 61.1 100 116
36 36.7 67.0 104 115
48 14.4 90.4 105 113
60 42.8 60.0 103 113
72 34.6 71.7 106 n o
84 43.5 61.4 105 112
96 30.1 73.4 104 109
108 34.2 72.2 106 n o
120 45.1 54.3 99.4 103
132 36.5 63.0 99.5 102
144 37.8 64.7 102 109
156 45.9 55.5 101 108
168 42.6 56.5 99.4 105
180 42.5 57.2 99.7 102
192 40.2 60.2 100 106
204 17.1 82.2 99.3 106
mean 33.1 69.3 102 109
std.dev. 13.1 14.1 2.56 4.74
The data indicates that an oxidation of the selenite gradually occurred over the initial 
24 hours of the experiment until a selenate to selenite ratio of approximately 2 :3 
was established in the system. Further oxidation was not noted after this time period 
and further differences in concentrations were likely due to analytical process 
variability. The standard deviations for both the measured and additive total
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selenium concentrations are both less than 5 % of the respective means indicating 
that all the selenium is accounted for. However, the standard deviations for the 
selenite and the selenate data are much larger indicating variability in the true or 
detected speciation. It should be noted that both values for time zero for the selenate 
and selenite data are outliers determined by the z-Score indicating that these values 
warrant scrutiny. These values for time zero would be expected to fall outside that 
expected for the others if oxidation did proceed.
Two explanations are possible for the noted oxidation. The first, is that the 
oxidation occurred as predicted by thermodynamics while the second is that the 10% 
bleach solution was not completely rinsed from the apparatus following sanitization 
and the hypochlorite effected the oxidation. The first explanation is not supported by 
the results of previous experiments which did not show oxidation over even longer 
time periods although these experiments may have been influenced by microbial 
activity. The second explanation is reasonable except that the chemical oxidation by 
hypochlorite would be expected to have proceeded more quickly rather than 
occurring over the first 24 hours. Clearly, further experiments are warranted.
The data for the replicate experiment where a 1% bleach solution was used to 
sanitize is presented in Table 28 and Figure 9. The standard deviations for the data 
are small indicating that there were no problems with the methodology. No 
oxidation was observed in the early stages of the experiment. Since the bleach 
solution used was a much lower concentration and extra care was taken to rinse 
thoroughly, the conclusion that the oxidation noted in the previous experiment 
resulted from the action of the bleach is supported. No oxidation was noted for the 
first 180 hours of the experiment. Even after the concentration of selenite was 
increased by nearly 50% no oxidation was detected.
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Table 28: Selenium Speciation in Samples from Replicate Selenite Oxidation After 
Sanitizing Vessel with 1%  Bleach
Time Selenate Selenite Total Selenium
(Hours) Concentration Concentration (Measured - fig/1)
(|xg/l) (Hg/1)
0 2.49 98.3 96.8
12 3.84 96.5 96.5
24 4.52 94.8 104
36 -—  91.1 95.8
48 -—  90.9
60 -—  82.6
72   89.8
84 -—  84.2
96   80.4
108 -—  83.1
120 -—  80.4
132   83.7
144   89.0
156   85.6
168   94.2 93.0
180   93.2
mean 88.6 97.2
std.dev. 5.85 4.01
Selenite Added ________ _________
0 4.29 150 144
12   150 143
24   143
36   150
48   147
60   147
72   146
84   147
96   144
108   143 141
120   145
132 -—  144
144   143 142
mean 146
std.dev. 2.69
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The data for the next experiment are presented in Table 29 and Figure 10.
Table 29: Selenium Speciation of Samples from an Aerated Sodium Selenite
Solution at pH 9 that was Perturbed by the Additions of Sodium Selenate 
and Hydrogen Peroxide
Time Selenate Selenite Total Selenium
(Hours) Concentration Concentration (Measured - ng/1)
(UgA) (Mfl)
0 3.35 89.5 ..............
12 2.95 92.9 89.3
24 4.43 88.5 87.1
36 91.3
48 91.3
60 86.8 ----------
72 88.4 90.7
84
96
mean 89.8
std.dev. 2.12
Selenate
Added
0 —
12 19.0 82.3 106
24 25.1 77.8 105
36 27.6
48 28.8
60
72 25.9 103
84 27.7 -----------
96 27.1 ----------
108 27.7 -----------
120 27.2 103
132 28.1
mean 26.4
std.dev. 2.81
(table con'd.)
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Hydrogen
Peroxide
Added
0 42.5 62.4
12 22.7 61.2
24 21.4 62.2 98.4
36 20.2 63.5
48 20.1 62.8
60 18.6 65.0
72 21.7 63.3 96.3
84 22.8 60.4
96 20.1 64.7 97.5
mean 23.3 62.8
std.dev. 7.31 1.50
The low standard deviations indicate that there is little variability in the data. The 
data supports the findings that there was no oxidation of selenite to selenate at pH 9, 
in an oxygenated system, at 20 °C for 96 hours. The addition of sodium selenate did 
not perturb the system. Other than the expected increase in the concentration of 
detected selenate due to that which was added, no increase in the amount of selenate 
was noted for 132 hours. In addition, the selenate was not reduced to selenite.
The addition of a small amount of hydrogen peroxide to the system also did 
not seem to effect the oxidation of the selenite. The hydrogen peroxide to sodium 
selenite molar ratio was approximately 170: 1. Either an even greater excess of 
peroxide was needed or the peroxide soludon had deteriorated and was no longer 
effective at oxidizing the selenite.
No observable oxidation of selenite to selenate was also observed in the 
experiment where the temperature of the reaction solution was increased. The data 
for this experiment is provided in Table 30 and Figure 11. The low standard 
deviations indicate little variability in the data. At 50 °C no oxidation or reduction 
was observed after sodium selenate was added to the system.
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Table 30: Selenium Speciation of Samples of an Aerated Sodium Selenite Solution 
at pH 9 and Temperatures of 30,40 and 50 °C
Time Selenate Selenite Total Selenium
(Hours) Concentra Concentration (Measured - Mg/1)
tion (Mg/1) (Mg/1)
0 2.72 ---- -
12 2.71 78.9 89.5
24 2.03 88.1
36 1.84
48 2.85
60 2.11 77.8 93.5
72 1.55
85 2.02
96 3.39 94.4
107 1.30 77.4 92.1
Temperature Raised to 40° C
118 3.17 94.6
131 3.18
142 3.48
155 4.39
166 4.87 96.2
179 4.33
190 3.87
203 3.33 
Temperature Raised to 50° C
97.0
214 2.39
227 3.96 92.7
238 3.48
251 2.94
262 2.78 ------
274 1.70 89.9
286 3.23
299 3.94
310 2.84
323 2.89 91.1
mean 2.97 92.6
std.dev. 0.902 2.83
(table con'd.)
7f>
Selenate Added
0 60.9 74.0
11 71.1 76.4 164
24 67.2
35 ------
48 74.7 75.1 163
The next series of experiments tested several metals for the potential catalytic 
activity in oxidizing sodium selenite to selenate. The results for the first metal, 
cobalt, are reported in Table 31 and Figure 12.
Table 31: Selenium Speciation of Samples from an Aerated Sodium Selenite
Solution at pH 9 that was Perturbed by the Addition of Cobalt and the 
Exposure to Light
Time Selenate Selenite Total Selenium
(Hours) Concentration Concentration (Measured - |ig/I) 
(lig/1) (Jig/1)
0   74.6
12 1.51 73.9 91.9
24   73.9
36   74.5
48 2.08 72.4 90.3
Cobalt Added ______ _______ _________
0   72.2 85.4
12 1.91 72.0 88.1
24
36
48   72.4
Cobalt Added _______ _______ _________
0   70.4 87.4
12 2.11 68.6 86.0
24   66.7
37   67.4
49   67.9
61   67.3 86.5
73   62.5
97   66.5
mean 70.2 87.9
std.dev. 3.57 2.38
(table con'd.)
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Exposed to Fluorescent 
Light
12(109) 2.17 67.8 91.0
24   65.3
37   65.3
49   65.1
61   65.6
73   65.4 86.8
85   68.1
97   65.1
109   58.9
133
158   61.5
182   63.2 95.9
mean 64.7
std.dev. 2.64
The low standard deviations once again indicate little variability in the data. The 
initial 48 hours of the experiment confirmed that no oxidation of the selenite had 
occurred prior to the addition of the cobalt. No oxidation was again observed for 
145 hours after the addition of the cobalt(II) sulfate despite the known catalytic 
properties of cobalt(II) in the analogous sulfur system. Hie oxidation mechanism of 
sulfite may be significantly different than that of selenite. Alternatively, the rate of 
the selenium reaction may be much slower even in the presence of the catalyst
This system was then exposed to fluorescent light for 182 hours. No 
oxidation of selenite to selenate was induced by this exposure. Even if light is 
effective at driving the reaction it is not certain that the distribution of wavelengths 
produced by the fluorescent light matches that absorbed by the system. In addition, 
the intensity of the light may have been too low even if the correct wavelengths of 
light were produced.
The results for the second metal tested, copper, are presented in Table 32 and 
Figure 13.
Table 32: Selenium Speciation of Samples from an Aerated Sodium Selenite 
Solution at pH 9 Perturbed by the Addition of Copper and Zinc
Time Selenate Selenite Total Selenium
(Hours) Concentra Concentration (Measured - jj.g/1) 
tion (pg/1) (Hg/l)
0 2.71
12 1.88   65.0
24 2.64   66.2
36 2.06 69.0
48 1.31
60 2.72
84 2.40
96 2.83
mean 2.32
std.dev. 0.529
Copper ______
Added
0 2.41 ------
12 2.32 65.8 66.6
24 1.74 ------
36 1.83
48 2.99 66.0 60.7
61 2.62
72 2.50 ------
84 3.02 -----
96 2.66 70.8
108 2.37
120 2.59
mean 2.44
std.dev. 0.419
(table con'd.)
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Zinc _______ _______ ______
Added 
0 2.41
13 2.75 59.6 75.7
24 3.05   71.6
37 3.52
48
60 4.63
72
85 4.97   70.2
96 5.37
109 3.40
mean 3.76
std.dev. 1.09
pH
Reduced _______ _______ ______
to 4 
0
10 5.41   56.3
23 4.25   55.8
34 3.90
49 3.06
60 4.79
71 5.33   54.9
95 2.89
mean 4.23
std.dev. 1.02
The quality of the data for this experiment is good with little variation evidenced by 
the small standard deviations. Once again the samples from the first 48 hours of the 
experiment confirm that no oxidation has progressed prior to adding copper to the 
system. No oxidation was observed for 120 hours after the copper(Il) sulfate was 
added to the system. Adding zinc chloride to the system also did not promote a 
detectable level of oxidation in 109 hours. Reducing the pH to 4 also did not result 
in oxidation within the 95 hour test period.
The data for the tests of the final two metals, manganese and iron, are 
presented in Table 33 and Figure 14.
Table 33: Selenium Speciation of Samples from an Aerated Sodium Selenite 
Solution at pH 9 Perturbed by the Addition of Manganese and Iron
lime Selenate Selenite Total Selenium
(Hours) Concentra Concentration (Measured - p.g/1)
tion (M-g/1) (Hg/1)
0
12 2.78 64.4 67.0
24 69.7
36
48 4.20 62.7
Manganese
Added
0 3.22
12 3.15 68.6
24 3.47
36 4.38
48 4.56
60 2.18 69.1
72 2.09
84 3.36
96 2.92
108 2.01 70.3
120 ------ 55.2
132 5.52 ------
144 4.96 70.5
mean 3.48
std.dev. 1.15
(table con'd.)
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Iron
Added
0 7.34
13 6.62 67.6
24 5.09
37 4.70 ------
48 5.25
60 5.14 75.4
72 4.51
85 6.84
96 4.18 ------
109 4.08 79.8
120 4.45 ------
133 4.79 79.1
144 1.75 71.9
mean 4.98
std.dev. 1.42
Goethite
Added
0 1.75 71.9
12 2.13 38.0 43.6
24 1.43 35.9 42.5
37 1.91 35.4 41.6
48 2.48 35.9 39.4
m ea n 1.94 47.8
std.dev. 0.400 13.6
All collections of data show low standard deviations except for the total measured 
selenium data. The variation in this data is likely due to the removal of selenite from 
solution by soiption to the goethite mineral phase. No oxidation was observed 
during the 48 hours prior to nor the 144 hours after the addition of the manganese. 
Sampling the system for 144 hours after the addition of ferrous chloride also did not 
indicate that oxidation was promoted.
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An iron precipitate was not detected in the reaction chamber. A precipitate 
would be expected to form when the iron oxidized to the ferric state at this pH. 
Either the iron did not oxidize or the concentration of iron in the system was too low 
for the detection of the precipitate by the unaided eye. Even if small quantities of 
precipitate did form in the reaction chamber the likelihood that they would remove 
the selenite from solution is small as at a pH of 9 the efficiency of the co­
precipitation process would be low. The speciated and total selenium data does not 
provide any indication that a precipitate did form. Agitation of the solution would 
have kept the precipitate suspended in the reaction mixture. When the total selenium 
sample was processed any bound selenium would have been released and no changes 
noted between samples. Any selenite bound to the precipitate would remain bound 
during the speciation process and would be counted as selenite anyway.
Addition of iron in the form of goethite resulted in a rapid change in the 
system. The results indicate that no oxidation of the selenite occurred during the 
48 hours of testing. However, the total amount of selenium in the dissolved state in 
the reaction chamber did decrease in the first twelve hours and then remained fairly 
constant as a result of the decreased amount of selenite in solution. The goethite 
particles were much larger than any ferric hydroxide that may have formed earlier so 
were not kept in complete and uniform suspension by the actions of the spin bar and 
the sparging. The selenium sorbed to the goethite was not measured in either the 
speciated or total selenium samples. There is good qualitative agreement between 
the selenite and total selenium values. Although seemingly ineffective in influencing 
the oxidative transformation, goethite may be important in the geochemical cycling 
of selenium by removing selenite from solution through sorptive processes.
The scope of experimentation now focused on elucidation of the biological 
factor that seemed to operate on a much shorter time scale than the potential abiotic
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influences studied. Once a biologically active system was identified the intent was to 
develop and maintain a stable culture of the microorganism(s). Once accomplished, 
efforts would be made with the assistance of persons knowledgeable in this field, to 
isolate and identify the organism responsible for the observed transformations. 
Studies utilizing this organism would then be performed. The first experiment 
conducted to identify an active culture essentially duplicated the experimental set up 
employed in the early transformation experiments and did not include sanitizing. Air 
was bubbled through a solution of sodium selenate at a pH of 5-6. The results for 
this experiment are presented in Table 34 and Figure 15.
Table 34: Selenium Speciation of Samples from an Aerated Solution of Sodium 
Selenate Perturbed with Seawater to Culture Microorganisms
Time Selenate Selenite Total Selenium
(Hours) Concentration Concentration (Measured - |ig/l)
(Iigfl) (ngfl)
0 77.9
9 38.9 ------
22 78.0 8.98 75.4
33 77.9 1.48 76.4 *
45 79.1 4.32 76.0*
57 70.6 13.1 74.9*
70 75.4 9.94 74.8
mean 71.1 7.56 75.5
std.dev. 14.5 4.63 0.693
Carbon Filter 
Placed In Air 
Line
94 79.1 8.62 76.1
105 62.2   76.9
118 82.3   75.4
(table con'd.)
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129 90.2 12.4 78.6
142 89.0   77.0
mean 80.6 76.8
std.dev. 11.3 1.20
Seawater from 
Bodega Bay 
Added 
24 88.1
37 76.3
48 44.9
60 51.6
72 75.3
84 52.9
96 86.0
109 63.5
112 54.8
116 78.6   84.9
120 60.2   83.9
133 65.8   87.4
mean 66.5
std.dev. 14.2
* Filtered through a 0.2 |im filter before selenium determination
The first 70 hours of the experiment showed no indications of reduction. The low 
selenate reading for the hour 9 sample is believed to be a non -random error in the 
analytical method which is reflected in the large standard deviation for this data set 
Supporting this opinion is the fact that this data point tests as an outlier with a z- 
Score value of 2.22.
Believing that the source of microorganisms in the early experiments may 
have been the charcoal trap, it was placed in the air line of the aspirator jar.
However, no definite evidence of reduction was observed for the next 72 hours of 
the experiment possibly due in part to the moderately large standard deviation for the 
data set. The low standard deviation for the total measured selenium concentration
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indicates that the variation in the selenate data is not a result of instrument 
fluctuation.
When Bodega Bay seawater was added to the system, a periodic reduction of 
the selenate to selenite was observed. The relative selenate minima or reduction 
maxima are observed in the samples taken 48, 84, and 112 hours after the seawater 
was added. The timing between the minima is about 36 hours in each case as was 
observed in earlier experiments. In addition, lower selenate values are observed in 
some samples immediately preceding or following the minima which would 
correspond to an intermediate point in the cycle. The large standard deviation for the 
data set reflects the variability of the data but cannot be used to support or refute the 
assumed action of microorganisms in the system.
The lack reduction prior to the addition of the seawater was surprising as it 
was the introduction of the organisms into the system under similar conditions that 
prompted the use of filters and sanitizing measures. One possible explanation is that 
an organism that seemed ubiquitous was no longer present in the laboratory in 
significant numbers. This conclusion is not unreasonable as this experiment was 
conducted a year after the first experiments. Since the Bodega Bay seawater did 
seem induce reduction it is possible that the original source of the organisms was the 
seawater. During the first year of these investigations, experiments utilizing Bodega 
Bay seawater were conducted in the laboratory but had drawn to a close. Without 
the active introduction of the seawater aerosol into the laboratory, the organism may 
have died out. Also, during this period the laboratory had been thoroughly cleaned 
with Roccal disinfecting solution several times which may have further reduced or 
eliminated the source of microorganisms.
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When this experimental solution was replenished with selenate solution and 
sampled after 13 days of aeration no reduction was observed. The data is presented 
in Table 35 and Figure 16.
Table 35: Selenium Speciation of Samples from Seawater Solution Replenished with 
Sodium Selenate Solution
Time Selenate Selenite Total Selenium
(Hours) Concentration Concentration (Measured - fig/1)
(ngfl) (Mg/1)
0 77.2 72.4
6 72.0 71.0
12 69.3
24 74.7
30 61.3
36 78.2
48 71.5
mean 72.0
std.dev. 5.70
The goal of maintaining a stable culture was not met
The next experiment was initiated at the same time as the previous 
experiment so many of the experimental details are similar. The selenate solution for 
this experiment was adjusted to pH 7 and was contained in the sanitized reaction 
chamber. After 46 hours the 0.2 |im filters were removed from the air lines 
terminating the isolation from the laboratory environment The data for these 
periods are presented in Table 36 and Figure 17.
The selenate reading for hour 9 is lower than the others but is not an outlier 
when tested using the z-Score. This data point also results in the standard deviation 
for the set being quite large. After the removal of the filters, only two samples 
showed low selenate concentrations, the hour 72 and 133 samples. The period 
between these samples is 61 hours which does not match the 36 hour period noted
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Table 36: Selenium Speciation of Samples from an Aerated Sodium Selenate 
Solution Maintained at pH 7
Time Selenate Selenite Total Selenium
(Hours) Concentration Concentration (Measured - pg/1)
(Hg/l) (p.g/1)
0 57.6 67.9
9 18.5 45.5 73.9
21 66.4
33 53.5
46 67.9
mean 52.8
std.dev. 20.1
0.2 pm Filters Removed
From Air Lines
24 62.4
37 69.8
48 69.5
60 56.7
72 22.7
84 69.4
96 70.4
109 69.2
112 67.2 ------
116 67.8 85.6
120 66.6 85.3
133 39.6 85.1
mean 60.9 79.6
std.dev. 14.9 8.19
previously. The hour 72 sample does test positive as an outlier but the hour 133 
value does not but nothing more conclusive can be assumed.
The solution was transferred to an Erlenmeyer flask and aerated. After 13 
days the solution was sampled for 48 hours. The data are presented in Table 37 and 
Figure 18.
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Table 37: Selenium Speciation of Samples of Selenate Solution Transferred to Flask 
and Without pH Control
Time Selenate Selenite Total Selenium
(Hours) Concentration Concentration (Measured - p.g/1)
(Hg/1) (lig/1)
0 74.9 73.8
6 71.6 75.2
12 72.1
24 71.9
30 61.1
36 73.2
48 68.9
mean 70.5
std.dev. 4.53
No reduction was observed in this system. The lack of conclusive reduction in both 
phases of this experiment support the conclusion of the preceding experiment that 
the microorganism of interest is not ubiquitous in the laboratory environment
Two other potential sources of microorganisms were screened in the next 
experiments. The first, effluent from Refinery X was added to a selenate solution 
undergoing aeration in the Erlenmeyer flask. The results of the sample analyses are 
presented in Table 38 and Figure 19.
Table 38: Selenium Speciation of Samples from an Aerated Sodium Selenate
Solution Without pH Control Perturbed by the Addition of Oil Refinery 
Effluent
Time Selenate Selenite Total Selenium
Hours) Concentration Concentration (Measured - p.g/1)
(M^) (ng/i)
0 93.4 4.13
12 89.0 88.0
24 88.3
(table con'd.)
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36 90.8
48 90.3
61 88.3
85
mean 90.0
std.dev. 1.95
Effluent From
Refinery X
Added
12 39.5 83.9
24 89.5 ------
35 89.5
48 70.0
59 86.0
72 73.5
mean 74.7
std.dev. 19.1
The initial 61 hours show no reduction even though the system is open to the 
laboratory. The data for this period shows little variability as evidenced by the 
standard deviation of 1.95. Only the 12 hour sample after effluent addition shows a 
low selenate concentration. This data point is not an outlier when tested using the 
z-Scoie so does not warrant special consideration. It is possible that the effluent may 
contain the organism of interest but other sources show more promise as an 
innoculum.
The significant aspect of the second experiment is the addition of sediment 
from Pass Fourchon. The data in Table 39 and Figure 20 shows that no reduction 
occurred prior to the addition of the sediment. After addition, two minima in the 
selenate concentration of the samples are found for the 12 and 48 hour samples. In 
both samples the selenate concentrations are reduced to less than 25% of the 
previous sample. Hie period between the minima is 36 hours as expected with the
Table 39: Selenium Speciation of Samples from an Aerated Sodium Selenate
Solution Spiked with Pass Fourchon Sediment
Time Selenate Selenite
(Hours) Concentration Concentration
(Hg/1) (Hgfl)
0 93.8 4.92
12 99.8
24 95,7
36 97.2
48 89.5
61 97.6
85
mean 95.6
std.dev. 3.6
Sediment from 
Pass Fourchon 
Added
12 12.6 89.1
24 93.2
35 96.0
48 17.1
59 93.5 ------
72 84.5
86 97.2
n o 127 ------
134 94.0
158 94.5
182 101
206 100
231 101
255 86.2 ------
280 102
304 99.5 -----
352 89.8
376 102 ------
400 83.5
mean 86.7
std.dev. 28.7
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microorganisms. The extended sampling through 400 hours shows no additional 
reduction episodes. The standard deviation for the sample set after the addition of 
the sediment becomes quite large at 28.7 |ig/l for a mean of 86.7 pgfl. The two 
selenate data points that show minima are outlier points (z- Score) that could indicate 
a major alteration in the system
The Pass Fourchon sediment seems a good potential source of the reduction 
inducing organism as would be expected (25,26,27,28). The presence of sulfate 
reducing bacteria in the sediments was indicated by the "rotten egg" odor of the 
sediment that is likely due to the evolution of hydrogen sulfide. The sulfate reducing 
bacteria may be able to substitute the chemically similar selenate for selenite in the 
respiratory process. The presence of sulfate reducing bacteria is not mandatory 
however, as the microbial reduction of selenate independent of sulfate has been 
documented (26). Regardless of the microorganism type, a stable culture was not 
maintained for an extended period of time in solution.
A subsequent experiment was conducted utilizing 10 ml of the previous 
solution as an innoculant. After 85 hours Pass Fourchon sediment that was stored at 
room temperature was added to the system. After 61 hours of sampling the system 
was again perturbed by the addition of dechlorinated water that emitted the odor of 
rotten eggs. The system was then sampled for an additional 60 hours.
The data for this experiment is presented in Table 40 and Figure 21. The 
initial phase of the experiment showed lower selenate concentrations for the 48 and 
60 hour samples. The selenate concentration for the hour 12 sample was also lower 
but to a lesser degree. None of the data points are z-Scone outlier points warranting 
special consideration. Microbial reduction is indicated for this phase of the 
experiment but the evidence is not conclusive.
Table 40: Selenium Speciation of Samples from an Aerated Sodium Selenate 
Solution Perturbed by the Addition of Pass Fourchon Sediment and 
Dechlorinated Water
lime Selenate Total Selenium
(Hours) Concentration (Measured - p.g/1) 
(M-g/1)
0 112 437
12 78.1 104
24 119
37 95.0
48 54.1
60 44.0
72 118
85 117
mean 92.2
std.dev. 30.2
Warm Pass Fourchon _________
Sediment Added
0 76.5
13 122
24 49.4
37 112
48 48.1
61 55.0
mean 77.2
std.dev. 32.7
Dechlorinated _______ _________
Water Added
13 49.2 90.7
24 79.2
37 66.5
48 84.5
60 82.9
mean 72.5
std.dev. 14.8
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After the sediment addition, the samples for hours 24,48 and 61 show lower 
selenate concentrations. The period between the lower selenate concentrations is not 
36 hours but the selenium reduction is still possibly due to the action of microbes as 
the time difference is not great The large standard deviation indicates that the data 
is highly variable but none of the points test as outliers. The duration of this phase of 
the experiment was clearly too short and further experimentation with the sediment is 
warranted.
Once the dechlorinated water was added to the system no reduction 
occurred. The variability of the analyses even decreased as indicated by the much 
smaller standard deviation for this set of selenate results. The findings are interesting 
as the possible microbial activity detected in the second phase of the experiment was 
expected to possibly continue into this third phase. It is possible that no microbial 
reduction did occur in the second phase and that the low selenate concentrations 
detected were an artifact of the analytical technique. It is also possible that the 
dechlorinated water added to the system diluted an essential component of the 
system below a threshold necessary for survival. A third possibility is that the 
dechlorinated water in actuality was not dechlorinated and killed the microorganisms 
in the system.
The sediment from Pass Fourchon was tested again in this experiment for 
which the results are presented in Table 41 and Figure 22. After the system was 
aerated for 85 hours the sediment was added and sampling continued for another 61 
hours. The selenate concentrations are much lower for the 24,48 and 61 hour 
samples after sediment addition. These results would tend to confirm the presence of 
the microbe of interest in the sediment The results may be confounded by the lower 
selenate measurements in the 48 and 60 hour samples taken before the sediment was
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Table 41: Selenium Speciation for Replicate Experiment Testing Innoculation with
Pass Fourchon Sediment
Time Selenate Total Selenium
(Hours) Concentration
(ngfl)
(Measured - (ig/1)
0 115 68
12 97.8 105
24 125
37 114
48 49.2
60 53.2
72 122
85 145
mean 103
std.dev. 34.4
'arm Pass Fourchon
Sediment Added
0 146
13 148
24 51.9
37 129
48 58.6
61 50.1
mean 97.3
std.dev. 48.4
added and the high standaed deviations exhibited by both sets of selenate data. The 
microorganism may already have been present in the system before the 
sediment was added. The results are inconclusive concerning the sediment and 
indications suggest that the organism may be re-establishing itself in the laboratory.
In an effort to improve upon these findings and to maintain an active culture 
another solution was spiked with cold stored Pass Fourchon sediment. The data for 
this experiment is presented in Table 42 and Figure 23. An active culture of the 
microorganism is indicated by the selenate minima for hours 13,48, and 85 which
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Table 42: Selenium Speciation of Samples from Sodium Selenate Solution Spiked
with Cold Stored Pass Fourchon Sediment
lime Selenate Total Selenium
(Hours) Concentration
(ngfl)
(Measured - p.g/1)
13 69.4 130
24 120
37 98.5
48 51.5
60 134 ------
72 123 133
85 85.6 ------
96 129 134
109 122
120 141 ------
133 96.1
mean 106
std.dev. 28.6
also approximately match the 36 hour period between minima that is expected. The 
standard deviation for the data set is quite large indicating a variability in the system 
some of which could arise from the activities of microorganisms.
A sample of this solution taken at hour 60 was used to innoculate a second 
reaction solution containing selenate. The data for this experiment is presented in 
Table 43 and Figure 24.No reduction is detected during the first 54 hour sampling 
period. After the solution was spiked with Pass Fourchon sediment reductions were 
detected in the 11 and 33 hour samples as indicated by the reduced selenate 
concentrations for these samples. The selenate concentration is so reduced at hour 
33 that the value is an outlier point in the z-Score despite the very large standard 
deviation.
Despite not adhering to the 36 hour period for a cycle, it is believed that the 
reductions were biologically mediated and that the innoculation with the solution
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Table 43; Selenium Speciation of Samples from an Aerated Sodium Selenate
Solution Innoculated with a Previous Solution then Spiked with Pass
Fourchon Sediment
Time Selenate Total Selenium
(Hours) Concentration (Measured - p.g/1)
(Hg/1)
0 93.6
6 117 118
19 120 ------
30 120 122
43 107
54 120
mean 113
std.dev. 10.7
?ass Fourchon
cdiment Added
11 86.5
22 119
33 38.5
44 116
57 113
68 112
81 106
92 122
mean 102
std.dev. 27.8
from the previous experiment did not work for a reason other than a lack of 
favorable growing conditions in the reaction solution. It is possible that the organism 
did not transfer well with the innoculant solution.
A sample of the preceding reaction solution, at hour 22 after the addition of 
sediment, was used to innoculate a new selenate solution. The data for this 
experiment is presented in Table 44 and Figure 25.
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Table 44: Selenium Speciation of Samples of an Aerated Sodium Selenate Solution
Innoculated with a Solution Exposed to Pass Fourchon Sediment
Time Selenate Total Selenium
(Hours) Concentration
(|Xg/l)
(Measured - pg/1)
0 123 118
13 78.5
24 118
37 98.4
48 115
61 110
72 91.4
85 114
mean 106
std.dev. 15.2
The data indicate reduction in the samples from hours 13,37 and 72. The interval 
between the first two selenate minima is about 24 hours while the interval between 
the second and the third is 35 hours. The first interval is shorter than the expected 
36 hours for the biological cycle but it is not known exactly what aspect of the 
growth curve these samples represent. The interval between the second two minima 
compares favorably to the period observed previously. The transferred innoculant 
did not appear as active as the original solution, as indicated by a smaller standard 
deviation, indicating that few organisms were transferred or that the viability of the 
consortium of microorganisms decreased with time under these conditions. Neither 
conclusion bodes well for maintaining an active culture for extended periods of time.
Hie data for the experiment in which autoclaved Pass Fourchon sediment was 
added to a selenate solution in the sanitized reaction chamber are presented in Table 
45 and Figure 26. The data shows that no reduction of the sodium selenate occurred 
for the 84 hours over which the samples were tested. Barring any unexpected 
chemical transformations in the sediment, the data indicates that the active
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Table 45: Selenium Speciation of Samples from an Aerated Sodium Selenate
Solution at pH 7 in a Sanitized Vessel that was Spiked with Autoclaved
Pass Fourchon Sediment
Tune Selenate Total Selenium
(Hours) Concentration (Measured - (j.g/1)
(Hg/1)
0 ------
12 122 115
18 128 123
24 124 123
36 126
42 124
48 119
60 126
67 129
72 124
84 139
91
96 ------
mean 126
std.dev. 5.36
mechanism involved in reduction, when Pass Fourchon sediment is added to the 
system, is biologically mediated.
The data for the experiments that utilized nutrient media instead of selenate in 
>18 megohm water is presented in Table 46 and Figures 27 and 28. Due to the 
highly erratic values in the data, which resulted in an extremwly high standard 
deviation, no definitive conclusions are drawn. It is believed that one or more of the 
constituents of the broths, possibly the phosphates, is interfering with the speciation 
procedure. It was expected that the increased levels of organic matter and trace 
elements provided by the broths would provide an environment more conducive to 
the growth of the microorganism(s) that are responsible for the reduction of selenate 
to selenite. The creation of a denser and/or a longer sustained population
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Table 46: Selenium Speciation of Samples from Two Bacterial Growth Media
Sparged with Air and Spiked with Pass Fourchon Sediment
Difco Broth
Time
(Hours)
0
12
24
37
48
60
72
85
mean
std.dev.
Pass Fourchon 
Sediment Added
Selenate
Concentration
(lig/1)
33.8
107
172
206
110
99.5
121
60.3
Total Selenium 
(Measured - 
Hg/1)
56.8
211
Lactate Medium
Selenate
Concentration
Oig/1)
83.6
502
691
746
249
379
442
256
0 114 566
13 81.6 ------
24 73.2 315
37 32.2 581
48 92.2 281
61
mean 78.6
std.dev. 30.1
Total Selenium 
(Measured - 
Hg/1)
350
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was desired. Future work with nutrient broths might involve simpler formulations 
with lower concentrations of nutrients as this might decrease problems in sample 
processing and would make the maintenance of the organism less expensive. Such 
formulations might perform well given that the organism seems to survive for the 
short period of days on deionized water, sodium selenate and air.
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Despite trying numerous potential catalysts and energy sources the rate of 
transformation of selenium between the 4+ and 6+ oxidation states eludes 
quantitation. Abiotic transformations are unexpectedly slow. No significant 
transformation occurred in 458 hours while a similar transformation in sulfur 
proceeds to completion in less than 24 hours.
The most important finding of this work is that the chemical transformations 
between the oxidation states of selenium are dominated by the activity of 
microorganisms commonly found in seawater and sediments. The rates of these 
biologically mediated transformations are orders of magnitude more rapid than 
completely abiotic processes as the cyclic period was established to be approximately 
36 hours. The implication is that in the aquatic environment, the biological processes 
will dominate and control the cycling of selenium and by extension its toxicity and 
geochemical fate.
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Figure 2: Selenium Speciation in Samples from 97 Hour Experiment Attempting to Oxidize Dissolved
Selenite in an Aerated Solution at pH 7
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Figure 3: Selenium Speciation in Samples from 458 Hour Experiment Attempting to Oxidize Dissolved
Selenite in an Aerated Solution at pH 7
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Figure 4: Selenium Speciation in Samples of an Aerated Sodium Selenate Solution at pH 7
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Figure 5: Selenium Speciation in Samples of Replicate Experiment Utilizing an Aerated Sodium Selenate
Solution at pH 7
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Figure 6: Selenium Speciation in Samples from Sodium Selenate Solution at pH 7 Sparged with Argon
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Figure 7: Selenium Speciation in Samples from an Aerated Sodium Selenate Solution at pH 7 in a
Sanitized Vessel
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Figure 8: Selenium Speciation in Samples from Experiment Attempting to Oxidize Sodium Selenite
Solution at pH 9 with Air
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Figure 9: Selenium Speciation in Samples from Replicate Selenite Oxidation After Sanitizing Vessel with
1% Bleach
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Figure 10: Selenium Speciation of Samples from an Aerated Sodium Selenite Solution at pH 9 that was 
Perturbed by the Additions of Sodium Selenate and Hydrogen Peroxide
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Figure 11: Selenium Speciation of Samples of an Aerated Sodium Selenite Solution at pH 9 and
Temperatures of 30,40 and 50 Degrees C
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Figure 12: Selenium Speciation of Samples from an Aerated Sodium Selenite Solution at pH 9 that was 
Perturbed by the Addition of Cobalt and Exposed to Light
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Figure 13: Selenium Speciation of Samples from an Aerated Sodium Selenite Solution at pH 9 Perturbed
by the Addition of Copper and Zinc
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Figure 14: Selenium Speciation of Samples from an Aerated Sodium Selenite Solution at pH 9 Perturbed
by the Addition of Manganese and Iron
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Figure IS: Selenium Speciation of Samples from an Aerated Solution of Sodium Selenate Perturbed with
Seawater to Culture Microorganisms
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Figure 16: Selenium Speciation of Samples from Seawater Solution Replenished with Sodium Selenate
Solution
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Figure 17: Selenium Speciation of Samples from an Aerated Sodium Selenate Solution Maintained at pH
7
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Figure 18: Selenium Speciation of Samples of Selenate Solution Transferred to Flask and Without pH
Control
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Figure 19: Selenium Speciation of Samples from an Aerated Sodium Selenate Solution Without pH 
Control Perturbed by the Addition of Oil Refinery Effluent
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Figure 20: Selenium Specialion of Samples from an Aerated Sodium Selenate Solution Spiked with Pass
Fourchon Sediment
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Figure 21= Setarium Speciation of Sample* from an Aeraled Sodium S e l e n a , . M .  Pennrbed by the
Addition of Pass Fouichon Setlimeni and Dechlonnated Water
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Figure 22: Selenium Speciation for Replicate Experiment Testing Innoculation with Pass Fourchon
Sediment
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Figure 23: Selenium Speciation of Samples from Sodium Selenate Solution Spiked with Cold Stored Pass
Fourchon Sediment
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Figure 24: Selenium Speciation of Samples from an Aerated Sodium Selenate Solution Innoculated with a
Previous Solution then Spiked with Pass Fourchon Sediment
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Figure 25: Selenium Speciation of Samples of an Aerated Sodium Selenate Solution Innoculated with a
Solution Exposed To Pass Fourchon Sediment
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Figure 26: Selenium Speciation of Samples from an Aerated Sodium Selenate Solution at pH 7 in a
Sanitized Vessel that was Spiked with Auloclaved Pass Fourchon Sediment
37 48 60
Hours
H Selenate ■  Total-Measured
Ug
/1 
Se
le
ni
um
0 12 24 37 48 60
Hours
Selenate
13 24 37 48
( i  Selenate ■  Total-Measured
Figure 28: Aerated Lactate Medium Selenium Speciation
Chapter 5
Speciation of Dissolved Selenium in the Mississippi River at 
Baton Rouge, Louisiana from January 1994 to July 1995
INTRODUCTION:
The Mississippi River is the largest and most important river in the United 
States (81,82). The river starts at Lake Itasca in Minnesota (81) and flows 
approximately 3700 km to the Gulf of Mexico (82). The Mississippi River drains 
water from an area of over 1,245,000 square miles that encompasses all or part of 31 
states and two Canadian provinces (81).
The Mississippi River is of great economic importance. Over 400 million 
tons of goods and products are transported on the river per year (83). Many of these 
goods are agricultural in nature that are grown in the fertile lower river valley but 
also of increasing importance are the goods and raw materials produced by an 
industrial complex growing along the river (81). The river is important to this 
industrial complex not only for transport but for the over 5,000,000,000 gallons per 
day of water that is required for operations (81) such as cooling, washing and waste 
treatment.
The Mississippi River is also of great environmental importance. The river is 
a valuable recreational resource to many people living near its' banks as well as a 
source of drinking water (84). The river is also the dominating feature in many 
ecosystems that have developed along its’ course.
Monitoring of the river has been conducted for many years by numerous
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industrial, academic and federal and state governmental agencies. The most 
prominent federal governmental agencies involved in this work are the Anny Corps, 
of Engineers and the United States Geological Survey. The Army Corps, of 
Engineers is responsible for maintaining navigation along the river and for flood 
control (81), much of its research involves the description of the physical aspects of 
the river. It has been the responsibility of the U. S. Geological Survey to monitor the 
water quality of the Mississippi through programs such as the National Stream 
Quality Accounting Network or NASQAN (85). The agency has also been 
empowered to determine the status and trends in water quality and to identify major 
natural and human factors that affect the quality of the river as a resource through 
the National Water-Quality Assessment Program (NAWQA) (86).
Despite the considerable dollars and efforts expended to date the monitoring 
of the Mississippi River has been deficient in several areas (85,87). The first 
deficiency is that much of the sampling has been sporadic both spatially and 
temporally (88,89). The sampling sites used along the river have changed frequently 
limiting the ability to compare data. In addition, a proposed routine schedule of 
sampling has not always been adhered to, leaving gaps in data that often exceed 
months in time. Another deficiency is the lack of speciation and quantitative 
measurements of several important elements, such as selenium (8,9), which are 
necessary to fully understand the impact of these elements on this resource or upon 
the users of the resource.
The purpose of this study is to provide frequent measurements of selenium in 
the Mississippi River, at one selected site, for a extended period of time. The 
monitoring data will provide quantitative measures of the total selenium loading of 
the river but also provides important information on the speciation of selenium, 
which is relevant to the fate and potential toxicological effects of this element
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MATERIALS AND METHODS:
Water samples were collected weekly over a period from January 5,1994 
until July 20,1995 from the Mississippi River in Baton Rouge, Louisiana. The 
sampling site was located near the Louisiana State University School of Veterinary 
Medicine at river mile 227.5. The site is located approximately 2 miles down river 
from the Port of Baton Rouge, downtown Baton Rouge, and several industrial /  
chemical plants and an oil refinery. Surficial grab samples were collected at a 
distance of 1-5 meters from the shore in a polyethylene bucket and transferred to 4 L 
polyethylene cubitainers except for the sample collected on March 13,1995 for 
which an additional 19 L cubitainer was filled. The sampling bucket and all 
containers were thoroughly washed with laboratory soap and rinsed with ION nitric 
acid prior to use. Within 30 minutes of collection all samples were placed into a 
walk-in cold room at 4° C where they were stored until processed for analysis.
The samples were processed in the manner described in Chapter 6 with the 
exception of the 19 L sample of March 13,1995 and the microwave digests of the 
particulate filters. The 19 L sample was transferred to a 5 gallon stainless steel 
pressure vessel, the outlet of which was attached to a Millipore 143 mm stainless 
steel filter holder. Both units had been washed with laboratory soap and rinsed with 
deionized water prior to use. The filter holder held a pre-weighed Whatman GF/C 
glassfiber pre-filter and a 0.45 pm polycarbonate membrane filter. The pressure 
vessel was pressurized with 10 psi of pure nitrogen to force the water through the 
filters. Two filter se ts  were utilized during a 27 hour filtration operation. After use, 
the fiberglass pre-filters were dried overnight at 150 °C and re-weighed to obtain the 
amount of particulate matter in the sample. The dried glassfiber pre-filters and the 
polycarbonate membrane filters were stored frozen in an acid washed glass jar until 
analyzed.
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The filtered water was then transferred to an Amicon DC-10 ultrafiltration 
unit equipped with a S10Y3 spiral wound ultrafiltration cartridge. This filter retains, 
in a small volume of the original sample, molecules that are larger than 3,000 Daltons 
which are considered to be colloidal in nature. Specifically, the colloidal matter from 
the 19 liters of river water was concentrated into 750 ml of sample which was stored 
at 4° C until analyzed for selenium. One liter of ultrafiltered water was processed for 
total selenium while a second liter underwent processing to determine the speciation 
of the selenium present in the ultrafiltrate.
The microwave digests were also processed as described in Chapter 6 with 
the exception that about 40 ml of the digests were passed through a Whatman no. 1 
Qualitative filter and evaporated by heating to a final volume of 5 ml for further 
analysis.
RESULTS AND DISCUSSION:
Two samples, usually from the first and third weeks of each month, were 
analyzed per month. The selenite, selenate, total (additive) selenium derived by 
adding the selenite and selenate values, the total measured selenium, and selenite to 
selenate ratio on each sample analyzed are presented in Table 47 as a function of 
time.
Table 47: Selenium Data for Mississippi River Water Samples Collected Between 
January 5,1994 and July 20,1995 at Baton Rouge, Louisiana, in 
Nanograms Per Liter
Date Selenite Selenate Selenite to Total Total
Sampled Concentration Concentration Selenate Selenium Selenium
Ratio (Additive) (Measured)
7-20-95 520 915 1:1.76 1440 1460
7-07-95 490 955 1:1.95 1440 1420
(table con'd.)
6-21-95 272 505 1:1.86 777 860
6-07-95 436 486 1:1.11 922 815
5-23-95 286 833 1:2.91 1120 1120
5-11-95 286 895 1:3.13 1180 1370
4-21-95 + 347 1200 1:3.46 1550 1480
4-13-95 399 840 1:2.11 1240 1260
3-22-95 239 487 1:2.04 726 No Data
3-13-95 317 671 1:2.12 988 911
3-09-95 214 645 1:3.01 859 820
2-28-95 86.1 339 1:3.94 425 365
2-08-95 402 870 1:2.16 1270 1120
1-25-95 314 441 1:1.40 755 694
1-08-95 ** 193 781 1:4.05 974 1070
12-21-94 408 464 1:1.14 872 680
12-07-94 342 710 1:2.08 1050 1060
11-15-94 No Data 181 No Data No Data 609
11-09-94 178 468 1:2.63 646 715
10-26-94 471 496 1:1.05 967 756
10-05-94 312 484 1:1.55 796 710
9-21-94 208 535 1:2.57 743 725
9-07-94 372 535 1:1.44 907 890
8-24-94 257 634 1:2.47 891 927
(table con'd.)
846
940
869
645
542
482
565
482
483
412
494
550
649
535
817
297
679
170
1060
317
520 358 1:0.688 878
391 521 1:1.33 912
192 740 1:3.85 932
390 549 1:1.41 939
700 322 1:0.460 1022
271 345 1:1.27 616
193 270 1:1.40 463
188 388 1:2.06 576
218 326 1:1.50 544
183 296 1:1.62 479
270 244 1:0.904 514
145 334 1:2.30 479
198 404 1:2.04 602
193 460 1:2.38 653
169 384 1:2.27 553
304 546 1:2.04 861
152 228 0.869 284
294 435 1:1.76 741
135 138 0.313 191
320 724 1:2.47 1040
112 230 0.865 303
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The mean value for the selenite concentration is 304 ng/1 with a standard 
deviation of 152 ng/1. The range of concentrations vary from a low of 86.1 ng/1 on 
February 28,1995 to a high of 700 ng/1 for the sample dated June 3,1994. The next 
highest value is 520 ng/1 for August 3,1994 which is more typical for the samples. 
The mean value for 1995 is 320 ng/1 with a standard deviation of 112 ng/1 while that 
for 1994 is 294 ng/1 with a standard deviation of 135 ng/1. The difference between 
the two years is not definitive as only half of 1995 is represented. No major trends 
are detected in the data.
The mean value for the selenate concentration is 546 ng/1 with a standard 
deviation of 228 ng/1. The concentrations range from a low of 244 ng/1 for March 2, 
1994 to a high of 1199 ng/1 for April 21,1995 which is a much larger range than that 
for the selenite concentrations. The mean value for 1995 is 724 ng/1 with a standard 
deviation of 230 ng/1 while the mean for 1994 is 435 ng/1 with a standard deviation of 
138 ng/1. The selenate concentrations appear to be higher in 1995 than in 1994. In 
1994 the concentrations drop in late February and rise again in June. A similar trend 
was not observed for 1995.
The mean value for the total additive selenium is 861 ng/1 with a standard 
deviation of 284 ng/1 while that for the total measured selenium is 817 ng/1 with a 
standard deviation of 297 ng/1. The highest values are 1550 and 1480 ng/1. 
respectively for April 21,1995 while the lowest values are 425 and 365 ng/1 for 
February 28,1995. It is interesting to note that although the total selenium levels 
most often parallel the selenate concentrations, as illustrated by both the high values, 
which is expected since the mean value for the selenate is about twice that for the 
selenite, the sample with the lowest total selenium is that which also has the lowest 
selenite concentration. The mean total additive concentration is 1040 ng/1 with a 
standard deviation of 303 ng/1 for 1995 as compared to a mean of 741 ng/1 with a
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standard deviation of 191 ng/1 for 1994. The mean measured total selenium is 1060 
ng/1 with a standard deviation of 317 ng/1 for 1995 and is 679 ng/1 with a standard 
deviation of 170 ng/1 for 1994. Again reflecting the selenate concentrations, the 
additive and measured total selenium concentrations are higher for 1995 as compared 
to 1994. The concentrations appear to rise in the second half of 1994 but a trend is 
not discernible in 1995 as the data is more variable.
The agreement between the total measured and total addidve amountsof 
selenium is quite good for most samples. This check on the co-precipitation 
speciation methodology assured that both the precision and accuracy of the results 
are acceptable. The largest source of error in the data is likely due to the variability 
in the operation of the ICP-MS instrument which typically was less than 10 % as 
measured in blanks and standards analyzed as every 10th and 11th sample in an 
analysis set
The selenite to selenate ratio varies from 1:0.46 for the June 3,1994 sample 
to 1:4.05 for January 8,1995 with a mean of 1:2.04 with a standard deviation of 
0.869. The mean of 1:1.76 with a standard deviation of 0.313 for 1994 compares to 
a ratio of 1:2.47 with a standard deviation of 0.865 for 1995. Except for the ratio of 
1 :3.94 observed for the February 28,1995 sample the ratio of selenate to selenite 
increases as the total selenium concentration increases again indicating the 
significance and variability of the selenate load.
The one observed trend in the data may be explained by an increase in stream 
flow. The river discharge for S t Francisville, Louisiana which is located a short 
distance upstream of Baton Rouge, is presented in Table 48 for the time period of 
November 8,1993 to August 30, 1994.
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Table 48: Discharge of the Mississippi River at S t Francisville, Louisiana, in Cubic 
Feet Per Second (Source: U.S.G.S.)
Comparison of the flow indicates that the lower selenium concentrations found in the 
Mississippi River roughly correspond to the periods of high stream flow. Indications 
are that either the selenium loading of the river is relatively constant and independent 
of stream flow or that during periods of high discharge different physical or chemical 
conditions or processes prevail which result in a lower dissolved selenium 
concentration.
The relevant data for the particulate matter filtered from the samples is 
provided in Table 49. No trends in the amount of particulate matter filtered versus 
sampling date are apparent despite known variations in seasonal sediment 
loading (90). The proximity to shore at which the samples were taken resulted
Table 49: Particulate Data for Mississippi River Water Samples Collected Between 
January 5,1994 and July 20,1995 at Baton Rouge, Louisiana
Date Discharge
August 30, 1994 
October 20,1994 
January 23,1995 
February 21,1995
November 8,1993 
January 24,1994 
March 14,1994 
June 28,1994
374000
563000
1010000
359000
289000
7-20-95
Date
Sampled
Weight of 
Particulate Matter 
(grams) 
0.36602
Amount of Selenium 
in Particulates
(Hg)
No Data
7-07-95 0.13376 <0.025 ng
(table con'd.)
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6-21-95 0.03600 <0.025 tig
6-07-95 0.07859 <0.025 tig
5-23-95 0.08879 <0.025 jig
5-11-95 0.04014 <0.025 |ig
4-21-95 * 0.12833 <0.025 tig
4-13-95 0.04834 <0.025 tig
3-22-95 0.02380 <0.025 tig
3-13-95# 2.41548 <0.025tig
3-09-95 0.07161 <0.025 M-S
2-28-95 0.10681 <0.025 tig
2-08-95 0.04918 <0.025 tig
1-25-95 0.09442 <0.025 tig
1-08-95 ** 0.02230 <0.025 MS
12-21-94 0.06496 <0.025 tig
12-07-94 0.10389 <0.025 tig
11-15-94 0.13467 <0.025 tig
1 lr09-94 0.02368 <0.025 |ig
10-26-94 0.03153 <0.025 MS
10-05-94 0.00568 <0.025 tig
9-21-94 0.01945 <0.025 tig
9-07-94 0.03314 
(table con'd.)
<0.025 MS
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8-24-94 0.02043 <0.025 fig
8-03-94 0.01423 <0.025 jug
7-20-94 0.05324 <0.025 jig
7-06-94 0.09478 <0.025 pg
6-22-94 0.05463 <0.025 fig
6-03-94 0.02419 <0.025 fig
5-25-94 0.06611 <0.025 fig
5-04-94 0.02941 <0.025 fig
4-20-94 0.01744 <0.025 fig
4-07-94 0.01960 <0.025 fig
3-23-94 0.04551 <0.025 fig
3-02-94 0.01789 <0.025 fig
2-23-94 0.02923 <0.025 fig
2-02-94 0.06845 <0.025 fig
1-18-94 0.04767 <0.025 fig
1-05-94 0.12533 <0.025 fig
in the amount of particulate matter being greatly influenced by short term 
disturbances such as wave action and barge traffic thereby eliminating any seasonal 
trends. All samples are reported as containing less than 0.025 fig of selenium and 
therefore, comparisons between the data cannot be made nor can any conclusions be 
reached concerning the possible partitioning of selenium between the dissolved and 
particulate phases.
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The data for the 19 liters of river water that was ultrafiltered and that for the 
sample processed without ultrafiltration arc provided in Table 50.
Table 50: Comparative Selenium Data for Mississippi River Sample Collected on 
March 13,1995 Between the Sub-Samples that Were and Were Not 
Ultrafiltered Before Processing
Selenium 
Content of 
Colloidal 
Matter (fig)
56.2
Total Total
Sample Selenite Selenate Selenium Selenium
(Mg) (Mg) (Additive) (Measured)
(Mg) (Mg)
0.4 pm filtered 317 671 988 911
Ultrafiltered 354 603 957 957
The corresponding values between the two sets of data are in reasonable agreement 
indicating that little of the selenium in the Mississippi River is associated with the 
colloidal matter. In addition the measurement for the colloidal fraction by ICP-MS 
yielded a value of 1124 ng/1 selenium in the sample. Subtracting the amount of total 
selenium, 838 ng/1, that is dissolved in the 750 ml of sample matrix, leaves 286 ng/1 
of selenium associated with the colloidal matter. The colloidal matter was 
concentrated from 19 liters to 750 ml so dividing the 286 ng/1 by the concentration 
factor of 25.3 yields a contribution of 11.3 ng/1 selenium by the colloidal fraction. 
The selenium associated with the colloidal fraction is seen to be quantitatively 
insignificant in comparison to the amounts found in the dissolved phase.
Chapter 6
Speciation of Dissolved Selenium in Waters from Sites Along the Mississippi 
River Obtained Between January 5 and 8,1995
INTRODUCTION:
The importance of the Mississippi River has been discussed in the previous 
chapter. The Mississippi River drains an area of over 1,245,000 square miles (81). 
This vast drainage area and the contributions of each tributary to the flow of the river 
is far from homogeneous (81). The contribution of the upper Mississippi River, from 
Minnesota to confluence with the Missouri River, to the total flow is approximately 
13%. Although the river flows past the metropolitan areas of Minneapolis and 
Dubuque much of the drainage basin traversed by the river is associated with 
agriculture. North of Alton, Illinois the Illinois River joins the Mississippi adding 
about 4% of the total flow in volume. The area drained by the Illinois is relatively 
small but includes the urbanized area surrounding Chicago as well as the agricultural 
center of the state. The Missouri River joins the Mississippi just north of St. Louis 
contributing about 13% of the flow. The area drained by the Missouri is quite 
diverse encompassing agricultural areas, mining areas and metropolitan areas such as 
St. Louis. North of Hickman, Kentucky the Ohio River converges with the 
Mississippi River. By far the largest single tributary, the flow contributed by the 
Ohio is typically 46% but varies widely from 35 to 75%. The greater contribution of 
the Ohio to the overall flow comes from a drainage area that is only 16% greater 
than that of the upper Mississippi and is less than half of that drained by the Missouri 
River. This reflects the different precipitation, water use and conservation patterns in 
the two regions Important in the Ohio Basin, are the industrial and metropolitan
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areas of Pittsburgh and Cincinnati through which the Ohio flows. The next 
important tributaries are the S t Francis and Arkansas Rivers that flow into the 
Mississippi River north and south of Helena, Arkansas, respectively. The 
contribution of the Arkansas is about 7% while that of the St. Francis is far less. 
Other small rivers such as the Yazoo and the Black, north and south of Vicksburg, 
Mississippi also contribute small, unspecified amounts of water to the flow of the 
Mississippi River (91).
At the Old River Control Structures north of St. Francisville, Louisiana, the 
flow of the Mississippi River actually decreases since approximately one third of the 
water is diverted to the Red-Atchafalaya Rivers system (81). More water may be 
diverted to the Atchafalaya River system at certain times through the Morganza 
Spillway although this is usually only at periods of peak flood. No other large inputs 
or diversions occur until the Bonnet Carre Spillway located to the north of New 
Orleans, Louisiana. This structure can divert additional river waters to Lake 
Ponchartrain.
The amounts and characteristic compositions of the chemicals in the tributary 
flows into the Mississippi River all reflect the areas and activities of their place of 
origin. These inputs will all impact the river differently and are an extremely 
important factors to consider when studying the river.
In the previous chapter several perceived deficiencies of many of the studies 
or efforts to monitor the river were discussed. The work described in the previous 
chapter addressed the deficiency of the monitoring chemical composition in the river 
at one location, frequently, for an extended period of time. The work of this chapter 
attempts to address the other, temporal, deficiency. The purpose of this study is to 
determine the speciation and loading of selenium along a major portion of the 
Mississippi River at as close to the same time as possible. In determining this
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"snapshot" view of selenium composition along the river, more about the differences 
in selenium loading, and trends in speciation, with respect to geographic location 
longitudinally in the river were learned.
MATERIALS AND METHODS:
Water samples (4 liter) were collected from thirteen sites along the 
Mississippi River between January 6-8,1995. The sites, listed in Table 51, and 
illustrated in Figure 29 were chosen because the river was readily accessible at these 
points, the sites had been utilized in previous studies and/or were expected to reflect 
a potentially distinguishable physical or chemical aspect of the river. The 
northernmost sample, obtained at Winfield, Missouri was chosen to reflect the 
conditions of the overall composition of the Upper Mississippi River before the 
confluences of any major tributaries. The second sample from Alton, Illinois was 
selected to reflect any changes in the river composition occurring at the confluence 
of the Illinois River, while the sample at S t Louis would reflect the influences of 
both the confluence of the Missouri River and the discharges of the city itself. The 
sample, taken at Hickman, Kentucky, was expected to reflect any changes due to the 
merging of the Mississippi with its major tributary, the Ohio River. The four sample 
sites at Osceola and Helena, Arkansas and Greenville and Vicksburg, Mississippi 
were chosen as they were located approximately equidistantly along the river yielding 
information on any transformations in river conditions that were due to the influence 
of several minor river systems or that might have occurred due to the time of transit 
for a particular water parcel. Samples were collected at the Army Corps of 
Engineers' Old River Control Structure as this structure effects a major influence on 
the physical flow characteristics of the river before it reaches the Gulf of Mexico.
The water from St. Francisville was expected to reflect conditions of the river prior
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Figure 29: Map Showing the Sites Along the Mississippi River Where Samples 
Were Obtained in January 1995
143
to any possible major anthropogenic inputs from a large concentration of industries 
along the river that might be detected in the samples collected at Baton Rouge and 
Belle Chasse, Louisiana.
The surficial grab samples were collected at a distance of ten to fifteen meters 
from the shore in a pre-cleaned polyethylene carboy and were transferred into 4 L 
polyethylene cubitainers. Duplicate 4 L samples were preserved with approximately 
25 g of sodium azide to prevent transformations in speciation due to bacterial 
activity. At the time of collection, measurements of the pH of the samples were 
made using colorpHast pH indicator strips ( EM Science) and the temperature and 
dissolved oxygen levels were measured with a YSI model 54A dissolved oxygen 
meter. The sampling carboy and all sample containers were pre-cleaned with soap 
and water and acid rinsed with 10 N nitric acid (Mallinkrodt AR diluted with >18 
Megohm water to ION) prior to use. All samples were then placed into ice chests 
filled with ice and water to prevent them from freezing or undergoing other chemical 
changes. Upon returning to the laboratory, the samples were stored at 4° C in a 
walk-in cold room until analyzed.
The analysis procedure is summarized in the flow diagram depicted in Figure 
30. Two liters of each sample were pumped through pre-weighed Whatman GF/C 
glass microfibre filters and a Nuclepore 0.4 polycarbonate filters held in an acid 
washed (ION nitric acid) 47 mm Millipore filled polypropylene filter housing at an 
unrestricted flow rate of 15 ml/min. A minimum of approximately five hours was 
required to filter the samples with the number of filter sets used per sample ranging 
from 1 to 5 depending on the load and nature of the particulate matter.The Whatman 
filters were then dried overnight at 150 °C and re-weighed to obtain the net dry 
weight of the particulates enabling the calculation of particulate weight per unit
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Filter 2 liters of sample 
through glassfiber filter
Filter the 2 liters of sample through 
0.4 m polycarbonate membrane filter
Bake glassfiber filters overnight 
at 120° C and weigh before 
using
Re-weigh filters after baking at 
120° C for 12-24 hours 
i
Store glassfiber and 
polycarbonatefilters sealed in 
glass jars at 4° C
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I
Thaw filters at room temperature 
and place into PTF digestion bombs
Digest in microwave digestor following 
protocol in Appendix 1
Remove sample from bomb and rinse 
filters to obtain final volume of 50 ml
Analyze extracts by ICP-MS
Concentrate portion of sample to 5 ml 
by evaporative heating
I
Re-analvzebv ICP-MS
Acidify sub-sample with 
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I
(figure con'd.)
Add 10 ml
ferric chloride solution
I
Figure 30: Flow Diagram of the Analysis Procedure Utilized to Process the Water 
Samples from the Mississippi River
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i
Pass solution through column packed 
with Dowex A g -5 0  cation exchange 
resin by gravity feed
✓
Rinse sample from column three times 
with IS ml deionized water
Reduce volume to 50 ml 
by evaporative heating
i
Analyze by ICP-MS
volume of sample. The dried glass fiber Alters and the polycarbonate filters were 
stored frozen in an acid washed glass jar until digested for analysis.
Immediately prior to extraction, the particulate filters were thawed at room 
temperature and transferred to acid washed teflon microwave digestion bombs to 
which 10 ml of 18 Megohm water and 10 ml of concentrated nitric acid (Mallinkrodt 
- Low Trace Metal, 70%) were added. The bomb contents were swirled to mix and 
the bombs loosely capped. After pre-digesting for 12-14 hours, at room 
temperature, the bombs were tightly capped, racked and digested in a CEM Model 
2000 microwave digestion unit following the time-temperature program listed in 
Appendix 6. The sample digests were allowed to cool for several hours after which 
the bombs were vented and uncapped. The digests were then quantitatively 
transferred from the bombs into SO ml volumetric flasks. The remaining filter 
materials were removed from the bombs with teflon coated forceps and placed into 
polyethylene funnels. The bombs and the filter materials were rinsed and the rinsate 
added to the digests until the Anal volume of SO ml was obtained. After an initial
147
analysis, 20 ml of the particulate digests were subsequently passed through a 
Whatman no. 1 Qualitative filter and evaporated by heating to a final volume of 5 ml 
for further analysis.
One liter of the filtered water was acidified with 2 ml of concentrated nitric 
acid and transferred to a 1 liter Griffin Beaker. The sub-samples were evaporated by 
heating to a volume of 50 ml and saved for the analysis of total selenium.
The other liter of filtered water from each sample was transferred to an acid 
washed 1 L polyethylene terephthalate bottle and 10 ml of ferric chloride solution 
(Appendix 7) added. The pH of the solution was raised to a value between 5 and 6 
by the dropwise addition of 1 N ammonium hydroxide solution (70-110 drops) which 
resulted in the formation of a ferric hydroxide precipitate. The bottle was capped, 
shaken and swirled for several minutes before being and allowed to settle, uncapped, 
for 2 hours. After settling, most of the decantate was removed by pumping and 
filtered through a Whatman GF/C glassfiber filter at a flow rate of 15 ml /min. The 
precipitate and remaining decantate, approximately 90 to 100 ml in total volume, was 
transferred to acid washed centrifuge tubes (12 ml volume) and centrifuged in a 
Hermle Z320 centrifuge at 3400 RPM (1500 x g) for 10 minutes. Each centrifuge 
tube was then carefully decanted with the decantate added to that which had been 
filtered previously. The total volume of decantate was then acidified with 2 ml of 
concentrated nitric acid and evaporated by heating to a final volume of 50 ml. 
Analysis of these decantate samples yielded the values for the amount of selenate in 
the original sample.
The precipitate in each centrifuge tube was dissolved with 500 |il of 
concentrated nitric acid and the precipitate collected from filtering the decantate 
through the glass fiber filter was dissolved in 1 ml of concentrated nitric acid. Both 
solutions were combined and diluted with >18 Megohm water to a volume of
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approximately 60 ml. The diluted dissolved iron precipitate solutions were then 
passed, by gravity feed, through Dowex AG-50 columns principally to remove the 
excess iron. The preparation of the columns was as described in Appendix 8. The 
columns were rinsed with three 15 ml aliquots of 18 Megohm water which was 
added to the sample and the total volume of all reduced by evaporation (heated) to 
50 ml. Analysis of these samples yielded the values for the amount of selenite in the 
original sample.
Two samples, one from Vicksburg and the other from Baton Rouge, 
containing sodium azide were processed in a similar manner to that described 
previously. One alteration in the sample processing procedure was implemented to 
contend with the high levels of sodium that resulted from the addition of the sodium 
azide. The decantate from the iron precipitation was not acidified with concentrated 
nitric acid but was acidified with approximately 334 ml of concentrated hydrochloric 
acid (Mallinkrodt) resulting in a solution that was 4 M in hydrochloric acid. The 
acidified solution was then heated with a Fisher Burner and boiled for 5 minutes.
The solution was then cooled in an ice water bath to a temperature of about 20° C at 
which time 40 drops of methyl orange indicator solution (0.05106g / 20 m l) were 
added. The pH of the solution was raised by slowly adding 10 N ammonium 
hydroxide solution until the color transition point of the indicator was reached (pH 4 
- 4.5). Ferric chloride solution was then added and the hydroxides precipitated and 
separated as described previously. The decantate was discarded and the precipitate 
prepared, as discussed previously, to yield the sample analyzed for selenates
All samples were analyzed on a Fisons Plasmaquad n +  ICP-MS instrument 
set to operate in the selected ion mass detection mode.
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RESULTS AND DISCUSSION:
The co-precipitation technique used here is a scaled-up version of the 
technique developed previously and was not separately validated. The results from 
experiments conducted to test whether selenium would be lost upon the 10 fold 
reduction in volume of aqueous solutions evaporated by heating are presented in 
Table 51.The mean recovery for all experiments was 105% with a standard deviation 
of 17 %. The data indicates that concentrating aqueous selenium solutions by 
heating to speed evaporation does not result in the loss of selenium from solution.
Table 51: Selenium Recovery for Experiments Determining the Potential Loss Upon 
Solution Volume Reduction By Evaporative Heating in Micrograms 
Per Liter
Selenium Exp. Recovery Recovery Total Total %
Form No. First ppt. Second Recovered Measured Recovery
ppt. (Additive) in Solution
Selenite 1 52.8 1.33 54.1 42.2 128
2 69.6 1.02 70.6 55.4 128
Selenate 1 49.6 25.6 75.2 81.9 91.9
2 36.9 27.2 64.1 72.2 88.8
Both 1 32.8 21.4 54.2 60.8 89.2
2 104 31.0 135 130 104
Mean 105
Standard Deviation 17.0
The values for the amounts of selenite, selenate and total selenium, both 
measured directly and derived by adding the amounts of selenite and selenate 
determined separately for each sample, are presented in Table 52.
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Table 52: Speciation of Dissolved Selenium from Selected Sites on the Mississippi 
River Collected in January 1995 in Nanograms Per Liter
City
Winfield
State
MO
Selenite
204
Selenate
660
Selenite: 
Selenate 
Ratio 
1:3
Total
Selenium
(Additive)
864
Total
Selenium
(Measured)
815
Alton IL 252 728 1:3 980 938
St. Louis MO 331 1910 1:6 2241 2040
Hickman * KY 327 987 1:3 1310 1200
Osceola AK 205 825 1:4 1030 1040
Helena AK 179 722 1:4 901 905
Greenville MS 311 654 1:2 965 830
Vicksburg MS 218 480 1:2 698 773
Old River ** 
Control-Red R. LA 437 612 1:1 1050 1090
Old River ** 
Control- 
Mississippi R.
LA 343 691 1:2 1034 816
SL Francisville * LA 245 648 1:3 893 816
Baton Rouge LA 193 781 1:4 974 1070
Belle Chasse LA 216 597 1:3 813 738
* Mean value for three analyses of same sample
** Mean value for two analyses of sample processed two distinct times
Also specified are the approximate selenite to selenate ratio for each sample. Other
measurements of water conditions taken at the time of sample collection including
water temperature, dissolved oxygen content and pH are provided in Appendix 9.
The amounts of selenite in the samples ranged from a high of 437 ng/1 for the Old
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River Atchafalaya River sample to a low of 179 ng/1 for the sample from Helena, AK. 
No clear trends are apparent to the amount of selenite in the samples collected 
longitudinally along the Mississippi River.
The levels of selenate in the samples differ dramatically from those observed 
for selenite. The levels of selenate in the samples vary over a much greater range 
with a high value of 1910 ng/1 obtained for the sample from S t Louis and a low 
value of 480 ng/1 obtained for the sample from Vicksburg. In addition, there are two 
trends in the data that are readily apparent. First after the selenate level rises to 728 
ng/1 at Alton from a level o f660 ng/1 at Winfield, it jumps dramatically to the high 
value of 1910 ng/1 obtained at the St. Louis site.
The selenate level then drops to almost half to a level of 987 ng/1 for the sample 
obtained at Hickman. The selenate level continues to decrease in subsequent samples 
taken farther down river until the minimum value of 480 ng/1 was obtained at the 
Vicksburg site. The remaining sites sampled along the river all contain an 
approximately uniform concentration of 600-700 ng/1 except for the sample at Baton 
Rouge which was measured at 781 ng/1.
The total amount of selenium measured per sample derived by adding the 
measured selenite and selenate concentrations together reflects the selenate levels as 
the highest concentration is 2240 ng/1 in the St. Louis sample and the lowest 
concentration is 698 ng/1 in the Vicksburg sample. For the total measured selenium 
concentrations, the highest concentration recorded was also in the St. Louis sample 
at 2040 ng/1, while the lowest concentration measured was 738 ng/1 in the Belle 
Chasse site. The trends in the selenate values are, in general, observed in the total 
selenium values with a decrease down river away from S t Louis and a slight rise at 
Baton Rouge. Inspection of the data shows that the total selenium concentrations 
measured in the samples is in general agreement with the value obtained by adding
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together the measured concentrations of selenite and selenate. The results are 
therefore expected to be both accurate and precise within the limits of instrumental 
error.
The ratio of selenite to selenate given in Table 52 range from 1:1 to 1:6. The 
higher ratios correspond to the samples that contained the higher quantities of 
dissolved selenate which reflects the lower variability of the selenite concentrations 
observed in the samples.
Comparing the results of this study to those of other researchers or to the 
data of government agencies is very tenuous for several reasons. First, given the 
ephemeral nature of the Mississippi River there may be significant differences in the 
concentrations of dissolved matter in the river within relatively short periods of time. 
Secondly, most of the data gathered for selenium by such investigators only report 
total dissolved amounts of selenium and does not differentiate between the selenite 
and selenate. Typically, due to the difficulties associated with trying to analyze for 
the low concentrations found in the river most previous sources report that the 
selenium concentration is below a minimum detection level typically 1 pg/1 (88,89).
However, a comparison can be made for three sites along the Mississippi 
River utilizing data provided by the United States Geological Survey (92,93). The 
three sites are; Thebes, Illinois, which is located north of the confluence of the Ohio 
River and is comparable to the St. Louis site, and the sites of S t Francisville and 
Belle Chasse, Louisiana. The selected data for these three sites is provided in Table 
53. No meaningful comparison may be attempted for the dissolved oxygen readings 
as there are too few to compare due to equipment malfunction. The pH values are 
reasonably comparable between the two sources but differ by more than two pH 
units. The accuracy of the pH strips used to obtain the pH data in this study might
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Table 53: Mississippi River Water Quality Data for Selected Sites Along the River 
from January 1995
Site Date
Collected
Information
Source
Total
Selenium
(ns/i)
pH Dissolved
Oxygen
(mg/1)
Tempera!
<°C)
Thebes, IL 1-12-95 U.S.G.S. <1 8.1 13.8 4
St. Louis, MO 1-6-95 Glover 2 5.2 6.6 -3
Sl Francisville, 
LA
1-23-95 U.S.G.S. 1 7.6 11.0 8.0
1-8-95 Glover 0.8 5.0 No Data 3.9
Belle Chasse, 
LA
1-24-95 U.S.G.S. <1 7.6 10.9 8.0
1-8-95 Glover 0.7 5.2 No Data 5.85
be questioned. The temperature data also varies between the two sources and again 
the accuracy of the data in this study could be questioned although the trend of rising 
water temperature with decreasing latitude is what would be expected.
The most significant comparison is of the selenium data. The value of 
<1 jig/1 reported at Thebes by the U.S.G.S. does not agree with the value of about 
2 (ig/1 obtained at St. Louis. The difference may be due to temporal variation but is 
also likely due to differences in sampling or analytical techniques. Confidence in the 
value reported here for the sample from St. Louis is high due to the agreement 
between the total selenium values' obtained by measurement and by adding the 
concentrations of selenite and selenate measured in the sample as mentioned 
previously. Considering the multiple sources of variation, the U.S.G.S. reported 
value of 1 |ig/l compares favorably with the 0.8 ng/1 reported in this study for 
samples obtained at St. Francisville. The values of <1 and 0.7 ng/1 also compare 
favorably for the samples from Belle Chasse.
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The finding that the Mississippi River contains about 2000 ng/1 of dissolved 
selenium as normal background is not surprising as the soils of the conterminous 
United States contains an average of 0.39 ppm selenium with soil concentrations 
ranging from <0.1 to 4.3 ppm. The area drained by the Mississippi River contains 
soil concentrations of selenium ranging from 0.26 to 3 ppm (94). Dissolution of soil 
mineral phases through weathering is therefore the most probable source of selenium 
in the river.
Assuming the flow rate at Thebes on January 12,1995 of 95,500 cubic 
feet/minute (93) to be an adequate approximation to that at St. Louis, a loading of 
about 2.7 g/min or 3.9 kg/day of pure selenium would be required to raise the 
measured level from the background concentration of about 1 pg/1 to the 2 (ig/1 
measured. Although the source or sources of this selenium that result in the elevated 
level observed at St. Louis are not specifically known several factors may contribute 
to the loading of the river. One primary contribution may be from industrial activity 
in the city itself including the refining and combustion of fossil fuels and metal 
washing activities.
Another contribution could be from a higher selenium load in the Missouri 
River which joins the Mississippi River just north of the city. The soils in northern 
Missouri show a higher concentration of selenium than in many other areas in the 
drainage basin of the Mississippi River (10). In addition, the state of Missouri 
continues to be a area of intense lead mining activity with tailings and run-off from 
these operations entering rivers and streams that feed the Missouri River (94). 
Selenium is often found associated with ore deposits of sulfur containing minerals 
such as copper and galena (PbS) which is the primary form of lead mined in this 
region (94). Selected samples processed for total selenium were re-analyzed for lead 
and the data presented in Table 54.
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Table 54: Concentrations of Lead in Samples Processed for Total Selenium from 
Selected Sites Along the Mississippi River Collected in January 1995
City State Lead Concentration 
(Hg/1)
Winfield MO 0.616
Alton IL 0.298
St. Louis MO 0.413
Hickman KY 0.207
Osceola AK 0.744
Helena AK 1.25
Greenville MS 0.576
The data does not show an elevated lead level at St. Louis nor is there any trend 
discernible with regard to river geography. The data does not preclude mining as a 
possible source, however, as the geochemistry of lead is different from that of 
selenium and the concentration technique used to process the samples has not been 
validated for lead recovery.
The other site of elevated selenium levels in the Mississippi River, Baton 
Rouge, probably derives it's selenium loading from the petrochemical complex, and 
refining operations in particular, that are located along the river upstream of where 
the sample was taken.. Selenium is often present in crude oils and is known to be a 
concern, due to elevated levels, in the effluents from refining operations (74). No 
discharge information is available at this time to calculate an approximate increased 
loading of the river at this site.
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The data for the particulate matter filtered from the samples is presented 
in Table 55.
Table 55: Amount and Selenium Content of Filtered Particulate Matter by Site
Particulate Selenium
Site matter (grams) Content (|
Winfield 0.00382 <0.0625
Alton 0.00304 <0.0625
St. Louis 0.01448 <0.0625
Hickman 0.01348 <0.0625
Osceola 0.00891 <0.0625
Helena 0.03107 <0.0625
Greenville 0.01663 <0.0625
Vicksburg 0.06422 <0.0625
Old River Control 
- Red River
0.02806 <0.0625
Old River Control 
- Miss. River
0.00532 <0.0625
S t Francisville 0.03383 <0.0625
Baton Rouge 0.02230 <0.0625
Belle Chasse 0.03062 <0.0625
No trends in amount of particulates collected versus geography is discerned. 
Although the samples were collected at a distance of 10-15 meters from shore, there 
is the possibility that the amount of sediment in the water collected may have been 
influenced by factors such as wave action and boat traffic. All samples are reported 
as containing less than 0.0625 fig of selenium. It is not surprising that the particulate
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digests have less than 0.0625 |ig/l of selenium as it would take 0.16 g of particulates 
with the mean coterminous U.S. soil concentration of 0.39 |ig/g to obtain this 
amount of selenium in the microwave extract Only one sample, the one from 
Greenville at 0.1663g, filtered a quantity of particulate matter at or approaching this 
amount Therefore, no conclusions can be drawn
with respect to the total selenium loading of the Mississippi River or the possible 
partitioning of selenium between the dissolved and particulate phases.
The data for the samples from Vicksburg and Baton Rouge that were treated 
with sodium azide are presented in Table 56.
Table 56: Selenium Speciation for Mississippi River Waters Preserved with Sodium
Azide
Site Selenite Selenate Total - Total -
(ng/1) (ng/1) Additive (ng/1) Measured ( ng/1)
Vicksburg 366 535 903
Baton Rouge 234 1280 1510 1760
These results do not differ greatly from those that were not similarly preserved and 
with the extra difficulties encountered with processing the remaining samples 
containing the sodium azide were not analyzed.
Chapter 7
Study Concerning the Speciation of Dissolved Selenium in 
Microcosms Containing Oysters
INTRODUCTION:
The impact that potential pollutants have on ecosystems may be investigated 
in a variety of toxicological studies. These studies can test for acute and/or chronic 
toxicity, carcinogenicity, mutagenicity, teratogenicity or for additional parameters 
such as bioaccumulation and changes in fecundity. Typically organisms are exposed 
to the substance of concern via the food, air or surfaces that the organism contacts or 
the substance is administered directly to the tissues or organs of the organism.
In aquatic systems, the test organisms are most often exposed to the substance of 
interest by dissolving it in the water (95).
There are numerous methodologies utilized in aquatic exposure studies.
They range from a static system in which the exposure medium is spiked once with 
the substance to be tested and no further changes or additions are made to the system 
to flow through systems in which freshly prepared exposure medium is constantly 
introduced to the organisms. To reduce the amount of materials used and disposed 
of in these methods, and to reduce the amount of labor involved, many studies are 
conducted using a static renewal method. In these types of studies, the test 
organisms are exposed to the substance contaminated medium for a set period of 
lime after which the exposure medium is removed and replaced with freshly prepared 
medium (96).
The duration of exposure can range from minutes to months although it is 
typically on the order of days (95). Regardless of the time period, the most
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important factor is that the substance does not degrade or become altered in any 
manner during the exposure period as this would render the testing meaningless.
The experiments described in this section were a series of investigations 
undertaken while a major project was being conducted in the laboratory. The overall 
project involved studying the possible bioaccumulation of hydrocarbons and metals 
by the pacific oyster, C rassostrea  g ig a s , from seawater spiked with various oil 
refinery effluents. The effluent from the processing of oil is a large potential source 
of dissolved selenium in the aquatic environment (6,14,52) which makes these studies 
particularly relevant.
The purposes of these investigations were to determine the speciation of the 
selenium in the seawater and the effluents and to determine if significant changes in 
the relative abundance of each oxidation state were occurring during the course of 
the bioaccumulation experiments. The results of these investigations will indicate 
whether special conditions or precautions are warranted in future studies of selenium 
in aquatic toxicological experiments.
MATERIALS AND METHODS:
Seawater used in the experiments was shipped from Bodega Bay, California 
and stored in fiberglass tanks located adjacent to the aquatic laboratory building. 
Bodega Bay water was used as it is considered to be clean relative to other waters 
such as San Francisco Bay but yet should approximate these waters in composition. 
For all experiments, the seawater was diluted approximately 30 %  with dechlorinated 
fresh water to reduce the salinity to a constant 12 parts-per-thousand to simulate 
conditions in Pablo Bay and the Carcinez Straits in the anterior reaches of San 
Francisco Bay where several refineries are located.
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The oysters utilized in these experiments, C rasso trea  g igas, were obtained 
from Hog Island Oyster Farm in Johnson, California and were acclimated in the lab 
to a salinity of 12 parts-per-thousand. The oysters were held for 20 days to ensure 
viability during exposure and to prevent spawning during the investigation.
The first experiments involved removing water samples from microcosms 
maintained in 30 gallon aquaria. Control tanks contained 37 liters of diluted 
seawater while the exposure tanks contained 34 liters of diluted seawater and 3 liters 
of refinery effluent from Refinery X. Approximately 25 oysters were placed into 
each of the tanks. The microcosms were aerated to maintain an oxygenated 
environment for the oysters. The oysters were exposed to fresh effluent every other 
day when the exposure water mixture was removed and replaced with fresh material.
Samples were removed from the tanks for selenium speciation immediately 
after the tanks were filled, the following day and on the third day just prior to the 
mixture being removed. The samples were necessarily kept small, 40 ml, in order to 
minimize any disturbance of the main project. At each period 2 control tanks and 
2 exposure tanks were sampled. Each of the three replicates in this experiment were 
collected from the same four tanks of oysters, although the effluent used varied over 
time as it was collected in four different weekly composites at Refinery X and 
shipped to the laboratory.
In the second experiment 3 microcosms with effluent from Refinery X 
(no control tanks), were set up as in the first experiments, except that the tanks did 
not contain any oysters. Each tank contained 13 liters of diluted seawater and 
1.5 liters of effluent. The duration of the experiment was 28 days with no changes of 
the seawater and effluent mixture. Samples, again 40 ml in volume, were removed
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for selenium speciation on each of the first three days of the experiment and on days 
7,14 and 28.
The final experiments were undertaken to characterize selenium speciation in 
the seawater and the effluents from refineries; V, W, X, Y, and Z used in the overall 
project. The effluents were characterized by measuring the concentrations of total 
dissolved selenium, selenite and selenate. To reduce the possibility of interferences 
from high levels of total dissolved solids in the seawater, the total selenium was 
measured in some effluents at a dilution of 1 ; 10. The selenium speciation in the 
effluents was conducted at full strength and with the effluent diluted by 50 %, to 
account for any matrix interferences. The sample size in all cases was 40 ml.
The characterization of the Bodega Bay seawater involved determining the 
speciation of dissolved selenium and whether the selenium was associated with a 
colloidal phase. The colloidal matter from 20 liters of seawater was collected by 
transferring the water to a 5 gallon stainless steel pressure vessel the outlet of which 
was attached to a Millipore 143 mm stainless steel filter holder. The filter holder 
held a Whatman GF/C glassfiber pre-filter and a 0.45 m polycarbonate membrane 
filter. The seawater was forced through the filters by pressurizing the vessel to 
10 psi with pure nitrogen gas. The filtered water was transferred to an 
Amicon DC-10 ultrafiltration unit equipped with a S10Y3 spiral wound ultrafiltration 
cartridge. The ultrafilter system retained in 2 liters of the original sample, 
macromolecules that are larger than 3,000 Daltons which are considered to be 
colloidal in nature. A 40 ml aliquot of this sample and two 40 ml aliquots of the 
ultrafiltered water collected at different times during the ultrafiltration process were 
utilized in the speciation procedure.
All speciation was conducted using the procedures specified in Chapter 2. 
Briefly, selenites were co-precipitated from the sample with ferric hydroxides. The
162
sample was then acidified with hydrochloric acid and boiled to reduce the selenates 
to selenites which were then co-precipitated with ferric hydroxides to separate them 
from the sample matrix. All selenium determinations were performed utilizing a 
Fisons Plasmaquad 11+ ICP-MS instrument.
RESULTS AND DISCUSSION:
The speciation data for the microcosms that contained the oysters is 
presented in Table 57. The measured selenite and selenate concentrations as well as 
the derived total selenium values and ratio of selenite to selenate are reported. Most 
of the total selenium values tend to be in general agreement within each experiment 
which indicates that there is not a significant amount of selenium being removed from 
the water column by the oysters or through abiotic processes. The total selenium 
values are also in fair agreement between the duplicate sets of tanks sampled that 
comprised each round of experimentation. Since the controls do not have
TABLE 57: Selenium Speciation of Microcosm Tank Samples Containing Refinery 
Effluent and Controls Without Effluent in Micrograms Per Liter
Refinery X,
Tank #2
Experiment Experiment Experiment
1 2 3
Day 1 Day 2 Day 3 Day 1 Day 2 Day 3 Day 1 Day 2 Day 3
Selenite 11.4 7.94 12.9 14.0 14.0 19.7 12.8 17.4 15.7
Selenate 8.09 8.73 6.30 13.5 14.5 9.63 7.05 10.0 10.4
Total
(Additive) 19.5 16.7 19.2 27.5 28.5 29.3 19.8 27.4 26.1
Selenite to
selenate 1.41:1 .910:1 2.05:1 1.04:1 .966:1 2.05:1 1.82:1 1.74:1 1.51:1
Ratio
(table con'd.)
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Refinery X, 
Tank #3
Experiment Experiment Experiment
1 2 3
Day 1 Day 2 Day 3 Day 1 Day 2 Day 3 Day 1 Day 2 Day 3
Selenite 13.8 9.98 14.0 17.4 15.9 23.0 12.1 19.9 18.1
Selenate 8.73 7.52 1.74 13.3 16.3 6.34 6.75 8.23 10.6
Total
(Additive) 22.5 17.5 15.7 30.7 32.2 29.3 18.8 28.1 28.7
Selenite to
selenate 1.58:1 1.33:1 8.05:1 1.31:1 .975:1 3.63:1 1.79:1 2.42:1 1.71:1
Ratio
Control
Tank #2
Experiment 1 Experiment Experiment
2 3
Day 1 Day 2 Day 3 Day 1 Day 2 Day 3 Day 1 Day 2 Day 3
Selenite 4.72 5.99 7.40 15.1 11.5 16.4 12.3 15.5 16.5
Selenate 5.60 7.76 4.42 15.1 19.5 12,0 6.56 7.90 11.2
Total
(Additive) 10.3 13.8 11.8 30.2 31.0 28.4 18.9 23.4 27.7
Selenite to
selenate 0.843: .772:1 1.67:1 1:1 0.590: 1.37:1 1.88:1 1.96:1 1.47:1
Ratio 1 1
Control
Tank #3
Experiment 1 Experiment Experiment
2 3
Day 1 Day 2 Day 3 Day 1 Day 2 Day 3 Day 1 Day 2 Day 3
Selenite 8.59 8.98 9.28 15.2 12.6 17.1 12.1 4.04 15.4
Selenate 6.23 9.34 4.59 13.9 18.1 5.36 7.59 8.18 10.6
Total
(Additive) 14.8 18.3 13.9 29.1 28.7 22.5 19.7 12.2 26.0
Selenite to
selenate 1.38:1 .961:1 2.02:1 1.09:1 .696:1 3.19:1 1.59:1 .494:1 1.45:1
Ratio
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effluent added to them a significant portion of the selenium must be present in the 
seawater and not the effluent. Variation observed in the data complicates the task of 
identifying trends or drawing definitive conclusions. Replication, as in more samples 
from each individual tank for each sampling period, would be needed to be able to 
sort through the variability observed but unfortunately since this experiment was not 
the main focus of the project this sampling scenario was not possible. Clearly 
however, the data observed failed to show a complete or near complete conversion 
of one oxidation state to the other in these oxygenated exposure systems.
The selenium speciation in the microcosms that did not contain any oysters is 
presented in Table 58. The measured selenite and selenate concentrations as well as 
the derived total selenium values and ratio of selenite to selenate are reported. 
Inspection of the data for an individual parameter might indicate that a detectable 
conversion between oxidation states is occurring. For instance, the selenite data for 
tank no. 1 shows a gradual but consistent increase in concentration over the period 
of the experiment The mean values for the selenite concentrations also roughly 
correspond to this trend. However, the selenate concentrations do not show a 
corresponding decrease in concentration as would be necessary to conserve mass.
The mean ratios of selenite and selenate do show a slight but variable trend towards a 
higher selenite to selenate ratio but the increase is not as great as would be expected. 
For instance, if the total selenium in the system was 20.0 p.g/1 and the selenite and 
selenate concentrations were 13.0 and 7.00 (Xg/1 then the ratio between them would 
be 1.86 : 1. If 1 |ig/l of selenate was reduced to selenite the total, selenite, and 
selenate concentrations would be 20.0,14.0 and 6.0 |ig/l respectively, and the ratio 
would be 2.33:1. For a second pgfl conversion the values would be 20.0,15.0, and 
5.0 |ig/l with a selenite to selenate ratio of 3.00 :1. The range of the increase in the
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selenite concentration in the example is less than that observed in the systems and yet 
the selenite to selenate ratio changed more than in the experiment
Table 58: Speciation of Dissolved Selenium in Microcosm Tanks Without Oysters in 
Micrograms Per Liter
Day 1 Day 2 Day 3 Day 8 Day 15 Day 29
TANK #1
Selenite 9.34 10.1 12.2 12.9 14.0 16.1
Selenate 12.5 5.82 7.42 7.24 6.42 8.44
Total 21.8 15.9 19.6 20.1 20.4 24.5
Selenite to
Selenate 0.747:1 1.74:1 1.64:1 1.78:1 2.18:1 1.91:1
Ratio
TANK #2
Selenite 13.4 11.3 14.8 13.8 15.4 18.1
Selenate 5.77 7.61 5.88 7.92 6.70 7.00
Total 
Selenite to
19.2 18.9 20.7 21.7 22.1 25.1
Selenate
Ratio
2.32:1 1.48:1 2.52:1 1.74:1 2.30:1 2.59:1
Tank #3 
Selenite 11.4 10.9 13.6 15.4 16.0 18.3
Selenate 6.42 8.23 5.79 8.26 7.29 7.88
Total 17.8 19.1 19.4 23.6 23.3 26.2
Selenite to 
Selenate 1.78:1 1.32:1 2.35:1 1.86:1 2.19:1 2.32:1
Ratio
MEANS
Selenite 11.3 10.8 13.5 14.0 15.1 17.5
Selenate 8.23 7.22 6.36 7.81 6.80 7.77
Total 19.6 18.0 19.9 21.8 21.9 25.3
Ratio 1.62:1 1.51:1 2.17:1 1.79:1 2.22:1 2.27:1
The most probable explanation for the observed increase in the selenite 
concentration is that water was lost from the tanks through evaporation. This loss
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was measured to be about 0.9 liters at day 15 and 2 liters at day 28. Correcting for 
this loss and for the water removed for samples from the original 14.25 liters in the 
tanks yields the corrected concentrations in Table 59.
Table 59: Corrected Concentration of Selenium for Days 15 and 28 for the 
Microcosm Experiment Without Oysters in Micrograms Per Liter
Day 15 Day 29
Tank#l
Selenite 12.0 13.9
Selenate 5.52 7.25
Total (Additive) 17.5 21.2
Tank #2
Selenite 13.2 15.6
Selenate 6.27 6.77
Total (Additive) 20.1 22.5
Tank #3
Selenite 13.8 15.7
Selenate 6.27 6.77
Total (Additive) 20.1 22.5
MEANS
Selenite 13.0 15.1
Selenate 5.85 6.68
Total (Additive) 18.9 21.8
The selenite to selenate ratios will remain the same so are not included. Once 
corrected for evaporation, there is no indication that there is any change in the 
oxidation state of the dissolved selenium as the selenite, selenate and total selenium 
concentrations all remain fairly constant
The data obtained to characterize the seawater from Bodega Bay is presented 
in Table 60. The total amount of selenium in the first ultrafiltered water sample is 
close to that obtained for the seawater without filtering. The second sample of
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Table 60: Selenium in Bodega Bay Seawater Associated with Colloidal Matter in 
Micrograms Per Liter
Ultrafiltered 
Sample #1
Ultrafiltered 
Sample #2
Colloidal
Fraction
Seawater
Selenite 10.6 8.95 12.1 15.4
Selenate 20.1 12.2 14.8 16.7
Total 30.7 21.2 26.7 32.1
(Additive)
ultrafiltered water does not agree well with the starting seawater value but this may 
be due to incomplete removal in the second co-precipitation as the value for the 
selenite concentration compares favorably to the first filtered sample. The values for 
the selenium content of the enriched colloidal sample is slightly lower but in the 
range of the seawater sample. In order for the level of colloidal bound selenium to 
be significant, the concentrations observed would need to be greater than the 
seawater itself as the concentration of selenium in the colloidal sample should be: 
Sesample = Se(seawater)t + 10 x Se(colloidal)t .
As the concentration of selenium in the colloidal sample only approaches that of the 
seawater itself the contribution of the colloidal bound selenium to the total is 
negligible in this system.
The results of the speciation and total selenium in the refinery effluents is 
presented in Tables 61 and 62. Replicate samples analyzed from some composite 
samples (Table 61) are consistent Also fairly consistent are the total selenium 
concentrations in different composite samples from the same refinery (Table 62). 
However, the amount of selenium in the effluent from different refineries is different 
varying from a low of approximately 47 g/1 for Refinery Y to a high of 196 g/1 for 
Refinery Z.
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Table 61: Selenium Speciation in Selected Refinery Effluents in Micrograms Per 
Liter
Refinery X
r u n # l
Week #3
run #2 run #3
Selenite 62.0 54.7 49.9
Selenate 6.02 5.54 6.97
Total (Additive) 68.0 60.2 56.9
Selenite to
Selenate Ratio 10.3:1 9.87:1 7.16:1
Selenite
W eek#l
F ull S trength  
59.5
50%  D ilu tion  
62.1
Selenate 5.83 5.88
Total (Additive) 65.3 68.0
Selenite to
Selenate Ratio 10.2:1 10.6:1
lefinery Z
Selenite
Week #1
F ull S trength  
132
50%  D ilu tion  
155
Selenate 25.7 13.2
Total (Additive) 158 168
Selenite to
Selenate Ratio 5.14:1 11.7:1
lefinery V
Selenite
W eek#l
F ull S trength  
37.3
50%  D ilu tion  
41.8
Selenate 5.16 5.08
Total (Additive) 42.5 46.9
Selenite to
Selenate Ratio 7.23:1 8.23:1
Refinery Y Week 4
Selenite ND
Selenate 3.34
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Table 62: Total Selenium Measured in Select Refinery Effluent in Micrograms Per 
Liter
finery Week of Sample Total Selenium
Y 1 45.8
2 45.9
3 50.5
4 51.2
X 1 77.2
1 97.4
3 84.8
3 72.9
Z 1 196
V 1 90.4
w 4 76.9
Another trend worth noting is that the majority of the selenium present in all of the 
effluents is in the selenite form with the selenite to selenate ratio as high as 10: 1.
The data for the total amounts of selenium, directly measured in a 1 : 10 
dilution of the effluents for Refinery X, supports the generalizations noted for the 
speciation work. Within each refinery the selenium content of the effluent is fairly 
uniform over a period of one to four weeks although it varies by a factor of four 
between the refineries. The totals obtained by direct measurement ate higher than 
those derived by adding together the selenite and selenate values from the speciated 
analyses. For example, the total selenium in the effluent from Refinery Z, obtained 
by adding the values for the selenite and selenate forms together, has a mean 
concentration of 163 |ig/l. The total amount of selenium measured in the same 
effluent is 196 |ig/l which is 33 Hg/1 higher. The observed differences could be due 
to either an interference in the speciation technique or that other forms of selenium 
may be present in the effluent that are not co-precipitated by the ferric hydroxide
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technique. The probability of an interference is slight since little difference in the 
analyses are noted in the results when the effluent samples were diluted by SO %  and 
subsequently speciated. Biological treatment is part of the effluent processing at all 
the refineries, it is likely that organo forms of selenium may be present in these 
samples.
Conclusion
Although several methods of separating the 4+ and 6+ oxidation states of 
selenium were tried, the method chosen for the remaining work was the co­
precipitation of selenite by ferric hydroxide. The method of selenium species 
separation utilizing Dowex 1 anion exchange resin was not acceptable as quantitative 
separation was not obtained. The selective determination of selenite by fluorometry 
was quantitatively satisfactory but the method was not useful for the routine 
processing of a large number of samples because of the light sensitive nature and 
complexity of reagent preparation.
The co-precipitation method utilizing ferric chloride quantitatively removed 
selenite from solution at pH 5-6 as employed in these experiments. The technique is 
simple and does not seem adversely affected by the sample variables of salinity and 
temperature. The separation remains quantitative if the precipitate is aged for over 
100 days before exposure to the sample solution but the recovery is not quantitative 
at 256 days.
When the co-precipitate is formed in situ, phosphates do not interfere with 
the removal of selenite from solution until the precipitation process is interfered with 
which occurs at phosphate concentrations above about 56 mg/1. If the feme 
hydroxide precipitates is added to a solution containing both phosphates and selenites 
a different pattern of interference in the sorption of the selenite to the iron precipitate 
is observed. A linear decrease in selenite sorption versus the log of the phosphate 
concentration is observed for phosphate concentrations between 5 |ig/l and 560 mg/1. 
The implication is that the phosphates competed with the selenites for a limited 
number of sorption sites. More study needs to be conducted to elucidate the 
mechanism of the sorption of the selenite to the ferric hydroxides.
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Although this work has been primarily concerned with the co-precipitation 
process for analytical purposes, these findings have implications for the geochemical 
fate and cycling of selenium. Selenites could be found sorbed to the abundant iron 
particles in natural aqueous systems especially in waters of pH 7 or less. The 
predominant dissolved form under these conditions would then be the highly soluble, 
and considered less toxic, selenate form. The studies with phosphates indicate that 
other dissolved substances will influence the fate of selenium and must be considered 
when assessing or predicting the fate and impact of selenium on an ecosystem.
The determination of selenate utilizing the ferric hydroxide co-precipitation 
technique was accomplished by first reducing the selenate to selenite. The reduction 
was performed by boiling the sample for 5 minutes after it was made 4N in 
hydrochloric acid. The combined reduction and co-precipitation process was not as 
efficient at removing the selenium from solution as might be desired but does enable 
one to analyze difficult matrices such as seawater.
The primary purpose of these investigations was to determine the rate of 
transformation between the 4+, selenite, and the 6+, selenate, forms of selenium in 
aqueous solution. The numerical rates of conversion were never determined. The 
conversion from selenite to selenate was not detected in over 323 hours in an aerated 
system at pH 9. No conversion of selenate to selenite was detected in over 
300 hours at pH 7 in an aerated system.
A conversion of selenate to selenite or another selenium species by 
microorganisms was highly likely in some of the experiments. The selenate 
concentration would be reduced and then return to higher levels in a period of about 
36 hours. When precautions were taken to exclude microorganisms the periodic 
cycling was not observed.
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The cycling could be induced in the test solutions by the addition of seawater 
or estuarine sediment to the test vessel. The microorganism(s) apparently 
responsible for the cycling phenomenon may be common and almost ubiquitous in 
the environment As no transformations were observed in sanitized systems the 
speciation, and hence toxicity and geochemical cycling of dissolved selenium, is likely 
dominated by biological processes.
Numerous attempts to propagate a stable culture of the organism(s) were 
unsuccessful. Future work would involve establishing a stable culture so that the 
organism(s) responsible for the transformations in selenium could be isolated and 
identified. Once accomplished experiments could involve determining the 
mechanisms of the conversion and whether it is ex- or endogenous. Exact rates of 
conversion and chemical species involved should be determined. An important 
question remaining to be answered is why was the selenate observed to cycle when 
the abiotic conversion of selenite to selenate was never observed even over longer 
periods of time.
The analysis of the waters from the Mississippi River obtained in Baton 
Rouge, Louisiana showed an overall mean concentrations of 304, 546,861, and 817 
ng/1 for selenite, selenate, total additive selenium and total measured selenium for the 
period tested. The general agreement between the measured and additive total 
selenium concentrations indicate the effectiveness and reliability of the speciation 
method. The values for each species did not fluctuate widely but the concentration 
of selenium did generally decrease during periods of higher flow. Continuing the 
study of the river at this location would provide a significant data base upon which to 
evaluate changes in water quality that might occur in the future. Future studies 
might utilize a larger sample volume in order to collect more particulate matter to
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better address, by quantification, the issue of selenium partitioning between the 
dissolved and particulate fractions in the river at this site. This partitioning is 
especially important as the colloidal matter in the river does not seem enriched in 
selenium.
The selenium data collected longitudinally along the Mississippi River in 
January 1995 shows more variability than the samples from Baton Rouge taken over 
an extended period of time. The river appears to contain a typical loading of about 
800-900 ng/1 of selenium. A high concentration of over 2 jj.g/1 was detected in the 
sample from St. Louis, Missouri. The decline in the concentration detected in the 
samples taken progressively further south of St. Louis probably is due to dilution and 
binding to particulate matter. The source of the selenium in the St. Louis sample is 
not known although it could be from activities in the city or from activities on the 
Missouri River. A future study concentrating on the area north of Hickman, 
Kentucky, and including samples from sites along the Missouri River might provide 
answers to this question.
The data from the oyster experiments indicate that the effluent from oil 
refining operations can be a significant source of environmental selenium. The 
studies also indicate that despite the apparent presence of microorganisms that are 
capable of reducing selenate to selenite, no major shifts in selenium speciation 
occurred. The results of this work do not warrant the dismissal of past toxicological 
studies that did not check for speciation changes in the selenium added to the system. 
Assuring the absence of such changes is still recommended for future studies in light 
of the potential for microbial activity in such systems. A very interesting experiment 
would be to combine a speciation study similar to that which was conducted utilizing 
selenite or selenate prepared from Se 75 ( y emitting) that would determine whether
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a dynamic pseudo-equilibrium is established or if the selenium does not change in 
oxidation state over the period studied.
The research discussed herein managed to answer several questions about 
selenium but many more still remain to be answered about this fascinating element
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Appendix 1
Ion Exchange Chromatographic Separation of 
Sodium Selenite From Sodium Selenate
INTRODUCTION:
One important application of ion exchange in analytical chemistry is 
chromatography (61). This technique enables the separation of mixtures of cations 
or anions in a sample including ionic species that may potentially interfere with an 
analysis (97). The separation is achieved by utilizing the difference in selectivity and 
binding energy between an ion exchanger and the ions of interest (97).
Although many materials can be employed as ion exchangers including clays 
and zeolites, the most common ion exchangers are synthetic organic polymer resins 
because they offer greater stability over a wider range of experimental conditions
(61). The resin skeleton of the polymer is modified with different functional groups, 
which provide sites of interaction for the ionic species in solution, to yield the various 
ion exchanger types (98).
One such resinous ion exchanger, Dowex 1, is a strongly basic anion 
exchange resin with quaternary ammonium groups derived from trimethylamine as 
the active sites (98). The resin is commercially available in the chloride form, having 
a high population of chloride anions to counter the positive charges of the 
ammonium groups. Although the selectivity series, or relative preference for the 
resin to retain an ionic species in the presence of others, published for this exchanger 
shows chlorides to be highly retained; F~ > OH“  > CH3 COO-  > HC0 3 “  > Cl-  > 
NO2 "  > HSO4 -  > HSO3 -  > CN“  > B r">  NO3 -  > I"  > CNS“  (99) the resin will 
form stable ionic bonds, of highly variable strength, with any anion (98). Additional
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features of this exchanger include good chemical and physical stability over a wide 
pH range and the ability to remove even weak acids from aqueous solution (98).
The utility of the Dowex 1 anion exchange resin for the separation of 
selenites from selenates in freshwater samples is evidenced by the work of Tanzer 
and Heumann (100). The authors, utilizing a column of approximately 0.8 cm^ 
volume, loaded aqueous samples, up to 250 ml in volume, containing ng/g quantities 
of selenites and/or selenates. The selenites were eluted from the column with 25 ml 
of 1M formic acid followed by 10 ml of water and 20 ml of 3M hydrochloric acid 
which eluted the selenates. In the present study, the application the Dowex 1 resin 
for the separation of sulfite ions from sulfate ions and selenite ions from selenate ions 
in aqueous solutions, that vary widely in salinity, was investigated. The initial 
experiments used the sulfite and sulfate ions as sunrogates for the selenite and 
selenate ions that are the species of interest. The viability of such a replacement is 
indicated by several factors including the facts that sulfur and selenium are both in 
group VIA of the periodic table, are known to show similar chemistries (5), others 
have made statements to this effect in regards to ion exchange processes (2 ) and that 
Tanzer and Heumann (100) co-eluted sulfates with the selenates in their work. 
MATERIAL AND METHODS:
The Dowex 1 (J. T. Baker Co.) for these experiments was the chloride form 
of the standard 8 % divinylbenzene crosslinked resin with a mesh size of 200-400. 
Before use the resin was soaked in 18 megohm water for a minimum of 24 hours and 
subsequently washed batchwise until the washwater remains colorless. Any resin not 
used immediately was stored in a pyrex flask with a minimum of 1 cm of water kept 
above the settled resin at all times.
Due to the less efficient nature of batchwise operation (3) the experiments are 
conducted with the Dowex 1 resin packed into pyrex columns. The resin is 
contained within the columns by small plugs of glass wool. The cylindrical columns
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have the outer dimensions of 1 .8  cm wide with a barrel length of 6  cm that tapers 
down to 0.7 cm in a distance of 1 cm as shown in Figure 31.
0.7 cm J  (§ £
X  T
A 1.8 cm
6 cm
1 cm
Figure 31: Dimensions of Columns Packed with Dowex 1 Resin
The thickness of the glass is approximately 2 mm so that the volume of the columns 
is approximately 12 ml. The dimensions of the columns are such that the volume of 
resin contained within has the exchange capacity to exchange more than the total 
amount of non-chloride anions calculated to be present in a 50 ml sample of seawater 
at a salinity of 35 parts per thousand with the average composition of seawater.
The columns were oriented vertically and were operated in a manner such 
that in both the sample loading and ion elution steps the flow through the column is 
from the bottom to the top. The upward flow through the column is opposite of that 
typically encountered (97) but offers the advantage of actually tending to lift the resin 
beads. The resulting "fluffing'' action of the flow upon the resin bed encourages a 
more complete and even exposure of the resin beads to the mobile phase. In 
addition, the possibilities of band broadening due to the flow through an irregularity 
or occlusion is lessened by this operational procedure.
Operating the columns with an upward flow of mobile phase necessitates the 
use of a pumping system. Masterflex peristaltic pumps (pump head 7014), loaded 
with Norprene (Masterflex) tubing and driven by a Masterflex 10-channel drive unit 
on setting 4.5, provided a flow rate of 10.6 ml per minute and a cross-sectional flow
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through the column of 6.89 ml/cm^ min approaching the recommended flow rate of 
2-5 ml/cm2/ min (97). All flow operations including sample loading, column rinsing 
and ion elution were performed at this flow rate. A slower flowrate for the elution 
step than is used for column loading is sometimes recommended (97) but 
experimental observations indicated that a faster flowrate (1 0 .6  ml/min.) reduced the 
amount of band broadening.
The scheme for loading the samples onto the column is somewhat 
complicated and unusual. A brief outline of the procedure is presented in Appendix 
1-A. This procedure is neccessary because the successful separation of the ions 
during elution is dependent upon the total amount of anions (primarily sulfates from 
the seawater) loaded onto the column. To alleviate the need for a separate elution 
procedure for each and every possible salinity level encountered in the samples, the 
conditions of the columns are altered after the samples are loaded. The columns 
were altered by loading a salinity addition sample (SAS) prior to elution. The goal is 
to have the state of the columns, with respect to the total amount and composition of 
anions bound to the resin, the same, prior to the elution step, independent of the 
salinity of the original sample.
The tests were designed to simulate the loading of seawater samples having 
the salinities of 0 parts per thousand (ppt), 9 ppt, 19 ppt, 28 ppt, and 37 ppt. In all 
cases, differing amounts of seawater (Instant Ocean 37 % , filtered), up to 10 ml, 
containing the anions of interest were loaded onto the columns. The samples of 
seawater were diluted with deionized water by a factor of 1 0  to reduce the ionic 
strength of the solutions to a level wthin the manufacturer's recommended operating 
parameters for the resin. Sample introduction was followed by two rinses of 10 ml 
water. The salinity addition sample was then loaded after it too was diluted by a 
factor of 10 with deionized water. The SAS is determined by the subtracting the 
amount of seawater in the sample from the maximum 10 ml. For example, if 5 ml of
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seawater was loaded in the sample then the SAS would also have been 5 ml whereas 
if the seawater sample was 7.5 ml then the SAS was 2.5 ml. Because of the SAS the 
total amount of anions in general, and sulfates in particular, loaded onto the column 
is consistent despite the variation in the original sample. The last step of sample 
loading was to rinse the columns with 1 0  ml aliquots of water four times.
The anions of interest were sequentially eluted from the column by passing 
two solutions through the columns. The first solution elutes the lower oxidation 
state of the element while the second solution of the pair elutes the higher oxidation 
state and all other anions on the resin. After evaluating a number of possible eluent 
pairs including formic acid / hydrochloric acid, acetic acid / hydrochloric acid, and 
hydrochloric acid / hydrochloric acid the solution pair of sodium hydroxide / 
hydrochloric acid was selected for use in these experiments. The use of the sodium 
hydroxide / hydrochloric acid pair has the advantage that both anionic moieties are 
relatively small in size and are extremely water soluble. In addition, the pair also has 
the widest range of selectivity of any of the pairs evaluated. Although not critical to 
the elution process, the use of hydrochloric acid as the second eluent has the 
additional benefit of returning the column to the chloride form of the resin in 
preparation for the next sample.
Specifically, the first elution was performed with 40 ml of a 0.45 N sodium 
hydroxide solution ( I N ,  Fischer Scientific, appropriately diluted). This elution was 
followed by four rinses of 10 ml aliquots of deionized water. The columns were 
subsequently eluted with 40 ml of 1.0 M hydrochloric acid ( Mallinkrodt A R Select, 
appropriately diluted), followed again by four rinses of 1 0  ml aliquots of deionized 
water.
The initial experiments consisted of separating 2 mg of sodium sulfite 
(E M Science) from the sulfates that are present in the seawater. The sulfates are 
detected in these experiments using Method 4500-So42- E. Turbidimetric Method
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for the Determination of Sulfates which is described in Standard Methods for the 
Analysis of Water and Wastewater (101) and is summarized in Appendix 1-C. The 
sulfites are determined using the same procedure except that 10 ml of 3 % hydrogen 
peroxide (Albertsons) is added to oxidize all of the sulfites to sulfates before the 
buffer solution is added to the sample (102). The instument used for the absorption 
measurements was a Bausch and Lomb Spectronic 20 operated at a wavelength of 
420 nm. The method has the advantages of relatively low cost, speedy analysis and 
is easy to perform.
The final experiments tested the ability of the Dowex 1 columns to separate 
selenite anions from selenate anions, operating the columns as described previously. 
For the first experiment, approximately 10 jig of selenium, as sodium selenite 
( Sigma Chemical), in 10 ml of 37 ppt seawater, was loaded onto the columns. The 
samples for the second experiment consisted of approximately 1 0  pg of selenium, as 
sodium selenate (Sigma Chemical), in 10 ml of 37 ppt seawater, while the samples 
for the third experiment contained 20 fig selenium in 10 ml of 35 ppt seawater 
(50 : 50; selenite: selenate). The method of detection for the selenium species 
utilized a V G Plasma Quad n+ inductively coupled plasma mass spectrometer 
(Fisons Instruments) which is more sensitive ( D.L. «0.01 pgA) and eliminates the 
possible interferences of sulfites and/or sulfates.
RESULTS AND DISCUSSION:
The data for the recovery of the sodium sulfite is presented in Table 63. The 
values given are the percentage of sulfite recovered as compared to the amount 
initially added. Five effective concentrations were utilized, (0  parts per thousand 
(ppt), 9 ppt, 19 ppt, 28 ppt, and 37 ppt) which correspond to the initial seawater 
samples of 0 ml, 2.5 ml, 5 ml, 7.5 ml and 10 ml respectively. The data obtained for 
two different Dowex 1 resin filled columns (labelled c-1 and c-2) are presented.
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The recovery data for each trial number at each seawater concentration are 
graphically represented in Figures 32 through 36, respectively. Figure 37 presents 
the sulfite recovery per trial for each column regardless of the salinity.
The mean recovery for both columns is 98.84 % . The recoveries ranged from
66.93 % to a high of 127.5 %  with a standard deviation of 17.21 % (n=43).
In all but the 28 ppt data the mean recovery for column A is less than that for 
column B indicating that there is possibly some intercolumnar variability that is likely 
due to a small difference in the amount of resin packed into the columns. Another 
interesting feature, most readily noticed in Figure 37, is that there appears to be a 
greater variability in recovery in the later runs (run 3 vs. run 1) although the declining 
number of data points makes this conclusion tenative beyond the third runs. The 
possible cause of this increased variability is uncertain as the experiments are not 
sequential in nature with respect to salinity.
With replication, the Dowex 1 packed columns appear to be an effective 
method for the separation of sulfites from the sulfates in a seawater sample. Having 
shown the viability of the method with the surrogates, the system was tried in 
experiments utilizing the primary species of interest, selenite ions and selenate ions.
The data for the recoveries of selenium species are presented in Tables 64 
and 65. Table 64 reports the total amount of selenium, in |tg, that is recovered at 
each step in the elution of the columns. The NaOH eluent and the HC1 eluents were 
described in the MATERIALS AND METHODS section. The "post-column" 
sample was the original sample collected after it has passed through the column 
containing unretained forms of selenium. The % of Total gives the percentage of the 
total amount of selenium added that is recovered during each step of the operation. 
Table 65 references the total recoveries of selenium for each column and experiment 
to the the calculated amounts and levels actually present in the stock
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Table 63: Sulfite Recoveries for Dowex 1 Columns in Milligrams Per Liter
Salinity ( °/0 0 ) Column 1 Column2
0 102.9 106.2
127.5 124.3
114.8 127
m  118.4
Mean 115.3 Mean 119
Mean Both Columns 117.1
9 94.57 106.3
111.9 120.6
95.93 118.6
Mean 100.8 Mean 115.2
Mean Both Columns 108.0
19 72.89 96.0
90.65 104.7
78.97 103.0
76.67 76.67
79.17 52*22
Mean 79.67 Mean 92.66
Mean Both Columns 86.16
28 94.54 86.36
No Data 96.36
71.61 103.4
114.4 26*52
Mean 93.51 Mean 90.74
Mean Both Columns 92.13
37 76.67 83.33
77.92 99.57
70.25 79.75
66.93 102.8
98.78 108.6
109.7 115.1
Mean 83.34 Mean 98.19
Mean Both Columns 90.78
Mean for All Runs 98.84
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Table 64: Selenium Recovery Data for Each Experiment, by Column
Sample Column A Column B
Selenium, pg % of Total Selenium, pig %  of Total
S e len ite  O nly  
Post Column 9.1 59.1 9.83 62.6
NaOH Elution 3.16 20.5 3.15 2 0 .1
HC1 Elution 20.5 2.72 1 1 1
15.4 1 0 0 .1 15.7 1 0 0 .0
S e len a te  O nly
Post Column 2.32 11 2.7 13.6
NaOH Elution 1.05 4.98 0.845 4.24
HC1 Elution 1 1 1 83.9 16.4 & 2A
2 1 .1 99.9 19.9 1 0 0 .2
S e len ite  a n d  
S elen a te
Post Column 7.63 28.1 7.81 27.8
NaOH Elution 3.67 13.5 3.56 12.7
Hcl Elution 15.9 58.5 16.7 59.4
27.2 1 0 0 .1 28.1 99.9
Table 65: Total and Percent Selenium Recovered, by Column, for Each Experiment
Total Recoveries
Sample Selenium- Selenium- Column % Column %
Run Calculated,
Mg
Measured,
Mg
A Recovery B Recovery
Selenite 11.4 13.7 15.4 112.4 15.7 114.6
Selenate
Selenite
9.95 13.7 2 1 .1 154 19.9 145
&
Selenate
20.9 20.9 27.2 130.1 28.1 134.4
solutions. The total percentage recovered was calculated by comparing the column 
measured recoveries to the measured values for the stock solutions.
An unexpected feature of the data was that the recovery of selenium was 
much higher than that expected in the samples. The explanation for this was that
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there was a significant amount of selenium in the artificial seawater sample. In fact, 
the concentration of selenium in the seawater was determined to be 57.4 |ig/l.
Although the presence of endogenous selenium in the artificial seawater 
tended to complicate the interpretation of the results, it was clear that not all of the 
selenite or selenate is bound to the Dowex 1 resin as evidenced by the "post-column" 
results in Table 64. Ideally, the resin should remove all of the selenite and selenate 
from the sample regardless of the original source. In each of the experiments, a 
significant portion of the total selenium was recovered in the post-column collection 
with the highest amounts of selenium not retained in the form of sodium selenite.
The apparent lack of resin binding selectivity for selenite is in triquin g when compared 
to the strong retention of sulfites at concentrations two orders of magnitude greater 
than selenite. In addition, the ion exchange resin should show a greater selectivity 
for anions of greater formula weight (selenite). Because of the observed lack of 
quantitative retention of the selenite and selenate anions on the Dowex 1 columns, 
this method was found to be unacceptable for their separation and analysis in 
seawater.
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Appendix 1-A
Procedure for the Loading and Elution of the Dowex -1 Columns
SAMPLE LOADING
• Dilute seawater sample (10 ml maximum) by a factor of 10
• Pump through column:
• sample
• Two 10 ml aliquots of deionized water
•  Dilute Salinity Addition Sample (10 ml seawater maximum) by a
factor of 1 0
•  Pump through column:
• Salinity Addition Sample
• Four 10 ml aliquots of deionized water 
COLUMN ELUTION
• Pump through column:
• 40 ml of 0.45 N sodium hydroxide solution
• Four 10 ml aliquots of deionized water
• 40 ml of 1.0 M hydrochloric acid
• Four 10 ml aliquots od deionized water
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Appendix 1-B
Method for the turbidimetric determination of sulfates
• Place 100 ml of sample in a 250 ml Erlenmeyer Flask which contains a magnetic stir-bar
• Add 20 ml of buffer solution which is composed o f :
30 g magnesium chloride hexahydrate 
MgCl3 • 6 H2O
5 g sodium acetate
CH3COONa • 3H20
1 g potassium nitrate 
KNO3
20 ml acetic acid (99 %)
CH3 COOH
Dissolved in water and diluted to 1000 ml
• Mix sample and buffer using stir-bar
• Add 1 spoonful (0.3 ml) of barium chloride crystals
BaCl2 • 2H20
• Stir for 60 (± 5) seconds
• Measure absorbance in 5 (± 0.5) minutes at 420 nm
• Compare absorbance to standard curve to read concentration
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Appendix 2
Fluorometric Determination of Selenium
INTRODUCTION:
One of the most useful analytical methods for the quantification of trace 
amounts of organic and inorganic species is fluorometry (57). The usefulness results 
from the inherent sensitivity of the fluorometric technique as compared to absorptive 
methods. Fluorescence techniques measure a change in a small signal (background 
emission and noise) whereas absorptive methods measure a small change in a much 
larger signal.
Unfortunately, few inorganic species are known to fluoresce in solution (61). 
Chelating inorganic ions with organic ligands containing aromatic rings may produce 
a moiety that does fluoresce. Several chelates are known to produce a fluorescent 
moiety when complexed with selenium. The most studied organic chelates, depicted 
in Figures 38 and 39, respectively, are 3,3'-diaminobenzidine (103,104,105) and 2,3- 
diaminonaphthalene (39,106,107). 3,3-Diaminobenzidine complexes with Se 
forming the 3',4'-diaminopiazselenol (Figure 40) while 2,3-diaminonaphthalene 
(DAN) forms the 4,5-benzopiazselenol (Figure 41). Neither chelate forms a complex 
with selenium in the -2 , 0 , or 46 oxidation states.
Although both reagents have been widely used for the determination of 
selenium, the DAN complex has the advantages of being extractable into organic 
solvents from acidic solution (108) and has greater sensitivity (109). Typical 
experimental conditions reported in the literature for the fluorometric determination
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Figure 38: 3,3'-diaminobenzidine
Figure 39: 2,3-diaminonaphthalene
H
H
Se
Figure 40: 3\4'-diaminopiazselenol
cco-
Figure 41: 4,5-benzopiazselenol
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of selenium with 2,3-diaminonaphthalene include excitation and emission 
wavelengths of (nm); 366:575 (Hall and Gupta), 366:606 (Watkinson), 390:540 
(Cukor et al.), 390:590 (Lott et al.) and 380:520 (Takayanagi).
These experiments were conducted to determine the feasability of employing 
2,3-diaminonaphthalene to fluorometrically determine ng/1 concentrations of 
selenium in aqueous samples.
MATERIALS AND METHODS:
Due to the photosensitive nature of 2,3-diaminonaphthalene and the 
piazselenol complex (106), the entire experimental procedure was conducted under 
the illumination of diffused, yellow light.
Figures 42 and 43 show the excitatation spectra of cyclohexane and the 4,5- 
benzopiazselenol at an emission wavelength of 520 nm obtained with a Hitachi model 
2000 Fluorometer. Disregarding the wavelengths where the cyclohexane absorbs the 
excitation light, below 320 nm, the maximum absorption by the piazselenol occurs in 
the range of 340 to 390 nm. Although the maximum absorption intensity was 
observed at 378 nm, an excitation wavelength of 366 nm was used in these 
experiments for possible comparison to the work of Watkinson, and Hall and Gupta.
The emission spectra for cyclohexane, DAN extracted into cyclohexane, and 
the 4,5-benzopiazselenol complex extracted into cyclohexane from an aqueous 
solution containing 0.18 fig/1 selenium arc given in Figures 44,45 and 46, 
respectively. Figure 44 shows that cyclohexane does not significantly fluoresce at 
wavelengths between 500 and 600 nm. Figure 45, the spectrum of the DAN 
extracted into cyclohexane, shows additional fluorescence peaks that are centered at 
503 and 541 nm. Although the absorbance peaks appear to overlap, there is a 
minimum at 521 nm. The spectrum of the 4,5-benzopiazselenol complex. Figure 46,
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Figure 42: Excitation Spectrum of Cyclohexane
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Figure 43: Excitation Spectra of 4,5-BenzopiaselenoI in Cyclohexane
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Figure 44: Emission Spectra of Cyclohexane
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Figure 45: Emission Spectra of 2,3-Diaminonaphthalene in Cyclohexane
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Figure 46: Emission Spectra of 4,5-BenzopiaseIenol in Cyclohexane
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also shows fluorescence emissions between 500 and 600 nm. The shape of the 
spectrum is more complex than in Figure 45 with an emission maximum at 519 nm 
and a secondary maximum at 538 nm. Because the non-complexed 2,3- 
diaminonaphthalene has a fluoresence emission minimum at 520 nm and the 4,5- 
benzopiazselenol complex has a maximal fluorescence emission at 519 nm, emphasis 
was placed on this region when obtaining the spectra.
The sample preparation procedure is based upon the work of Watkinson, and 
Hall and Gupta. The four samples, 50 ml volume each, prepared from 18 megohm 
distilled, deionized water, containing 0,0.915 ng/1,9.15 ng/1 and 91.5 ng/1 of 
selenium in the form of sodium selenite, H2 Se0 3  (Sigma Chemical), were placed 
into test tubes. To each sample, 5 ml of DAN solution (Appendix 2-A) was added, 
the samples mixed, and the pH adjusted to -2  if necessary with 0.1 N hydrochloric 
acid (Mallinckrodt). The samples were then placed into a warm water bath 
maintained at 50° C ± 4° C for one hour. After cooling to room temperature (22° C) 
in a cold water bath (approximately 0-10° C) each sample was transferred to a 125 
ml separatory funnel and extracted with 10 ml of cyclohexane (Burdick and Jackson 
Laboratories). The cyclohexane was then extracted twice with 25 ml aliquots of 0.1 
N hydrochloric acid which was discarded. Fluorescence measurements of the 
cyclohexane extracts were then obtained within 1 hour.
RESULTS AND DISCUSSION:
The spectra for the 0,0.915,9.15 and 91.5 ng/1 selenium samples are 
presented in Figures 47,48,49, and 50, respectively. Figures 47 through 49 clearly 
show spectra that have two fluorescence emission maxima at 503 and 540 nm. 
Between the two maxima on each spectrum is a relative minimum of emission 
intensity located at 520 nm. The difference in intensity from the maxima to the
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Figure 47: Emission Spectra of 0 ng/1 Selenium Sample Cyclohexane Extract
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Figure 48: Emission Spectra of 0.915 ng/1 Selenium Sample Cyclohexane Extract
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Figure 49: Emission Spectra of 9.15 ng/1 Selenium Sample Cyclohexane Extract
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Figure 50: Emission Spectra of 91.5 ng/1 Selenium Sample Cyclohexane Extract
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relative minimum appears greatest in Figure 47, the least in Figure 49 and 
intermediate in Figure 48. The general trend, apparent by inspection, is that as the 
selenium concentration increases the relative fluorescence emission increases at 520 
nm. The spectrum in Figure 50 has an overall form that is similar to, yet different 
from those in Figures 47-49. The spectrum has an emission intensity peak at 518 nm 
and a lesser maximum at 538 nm. Between the two maxima is a relative minimum 
located at 530 nm. The spectrum in Figure 50 also supports the trend that as the 
selenium content of the sample increased the fluorescent emission increases at 520 
nm.
Quantitatively, a trend of increasing emission at 520 nm as the selenium 
concentration of the sample increases is observed. The numerical emission intensity 
at 520 nm versus sample concentration is presented in Table 1 and graphed in 
Figure 51.
Table 66: Emission Intensity at 520 nm by Selenium Concentration
Se concentration emission
(ng/1) intensity
0.00 53.94
0.915 48.60
9.15 57.02
91.5 141.7
The data shows a decrease in emission intensity from the 0.00 ng/1 sample to the 
0.915 ng/1 sample and an increase from the 0.915 ng/1 sample to the 9.15 ng/1 sample 
further increasing for the 91.5 ng/1 sample. Except for the decrease in intensity from
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the the 0.00 ng/l sample to the 0.915 ng/1 sample, the increases in fluorescent intensity 
are linear with respect to concentration as shown in Figure 51.
In an effort to normalize the emission values and remove the discontinuity at 
0.00ng/l, the ratio of emission at 520 nm to the emission at 540 nm was calculated 
and the results presented in Table 67.
Table 67: Emission Ratio (520/540 nm) by Selenium Concentration
Se concentration emission ratio 
(ng/1) (520 nm/ 540 nm)
0.00 0.7012
0.915 0.7170
9.15 0.8174
91.5 1.159
The ratio of the emissions does increase as the selenium concentration increases. 
However, when the values in Table 2 are plotted, as in Figure 52, the increase in 
emission ratio is seen not to be linear with repect to the increase in concentration 
over all concentrations. The emission ratio versus concentration does appear linear 
for the lower concentrations plotted (0.00-9.15 ng/1) but it is the ratio at 91.5 ng/1 
that is not collinear instead of the 0.00 ng/1 sample that is not collinear when the 
emission intensity is plotted.
Although not shown, the plot of emission ratios versus either the base 10 
logarithm (log) or the natural logarithm (In) of the selenium concentrations is also 
not linear.
Replication of the experiment may show that the fluorescence emission at 520 
nm to be linearly correlated to the selenium concentration of the sample. However,
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Figure 51: Emission Intensity at 520 nm vs. Selenium Concentration
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the experiment performed is the procedure used to construct a standard curve to 
which the results of each sample are compared. Repeatedly constructing the 
standard curve until it is linear is not acceptable in this situation.
In addition, the procedure is long, slow, labor intensive and not amenable to 
the routine analysis of large numbers of samples. A great deal of caution must be 
excercised, for the safety of all laboratory personnel, as 2,3-diaminonaphthalene is a 
known mutagen and a cancer suspect agent. The necessity of working in very low 
light levels is difficult and is inconvenient, requiring all other laboratory operations to 
cease.
The use of 2,3-diaminonaphthalene for the fluorometric determination of 
selenium in aqueous samples at ng/1 concentrations is not feasible quantitatively but 
does give satisfactory qualitative results and could be used occasionally or as a check 
of an another method.
Appendix 2-A
Preparation of the 2,3-Di ami nonaphthalene Solution
• Dissolve
0.05 g (0.1 % by wt.) 2,3-diaminonaphthalene, 97%
(Aldrich Chemical)
0.25 g (0.5 % by wt.) hydroxylamine hydrochloride, NH2 OH • HC1 
(Fisher Chemical) 
in 50 ml of 0.1 N hydrochloric acid (Mallinckrodt)
•  Extract twice with
10 ml cyclohexane (Burdick and Jackson Laboratories)
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Appendix 3
General Ferric Hydroxide Coprecipitation Procedure
• Place 40 ml sample into 125 ml Erlenmeyer flask
• Adjust pH to 6-7 with 0.1 N hydrochloric acid if necessary
• Add first aliquot of ferric chloride solution (4.6829g / 100 ml H2 O)
• Mix sample
• Leave sample undisturbed for a period of time
• Add second aliquot of ferric chloride solution
• Mix sample
• Adjust pH of sample to 5-6 with dropwise addition of 1 N ammonium hydroxide
(NH4 OH) solution
• Leave sample undisturbed for a period of time to allow precipitate to settle
• Centrifuge samples at 3200 rpm for 10 minutes
• Decant water
Preserve with 4 ml of 70% nitric acid (HNO3 )
Dilute to 100 ml
• Dissolve precipitate in 4 ml of 70% nitric acid
Dilute to 100 ml
• Determine selenium content of samples by ICAP-MS analysis
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Appendix 4 
General Reduction Procedure
• Place 40 ml sample into 125 ml Erlenmeyer flask
• Add 20 ml of 12 M hydrochloric acid
• Cap flask and place on hot plate
• Boil samples for specified period of time
• Cool samples in icewater bath to room temperature
• Add 1 -2  drops of methyl orange indicator solution (0.05g/ 20 ml H2 O)
• Add 18 ml of 10 N sodium hydroxide solution (NaOH) to each flask
• Cool samples in icewater bath to room temperature
• Titrate sample to endpoint of indicator with 10 N sodium hydroxide solution or 1 N
ammonium hydroxide solution (NH4 OH)
• Co-precipitate with ferric hydroxide procedure utilizing 6  mg of iron and the 2 hour
timetable
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Appendix 5
Bacterial Growth Medium Formulations
Formulations Used to Prepare 1 liter of Medium 
Difco Broth
Yeast Extract 
Ascorbic Acid 
Lactose
Magnesium Chloride Hexahydrate 
Potassium Phosphate, Dibasic 
Ferrous Chloride, Tetrahydrate 
Ammonium Chloride 
Sodium Selenate 
Sodium Chloride
Lactate Medium
Yeast Extract ' 1.00284g
Lactose 4.07044g
Ammonium Chloride 0.50377g
Magnesium Chloride, Hexahydrate 0.16388g
Potassium Phosphate, Dibasic 1.01369g
Ferrous Chloride, Teatrahydrate 0.08185g
Calcium Chloride 0.09456g
Sodium Selenate 1.42984g
Sodium Chloride 9.94188g
1.06494g 
0.11009g 
5.19715g 
0.35809g 
0.0122 lg 
0.07050g 
0.0385 lg 
0.45305g 
9.72956g
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Appendix 6
Program Utilized for the Microwave Digestion of the Particulate Samples
Stage
Power
1 2 3 4 5
(%  maximum) 
Psi
25 100 100 100 50
(maximum)
Time
50 100 100 100 50
(minutes) 10:00 15:00 15:00 15:00 10:00
The program is a modified version of the program that CEM Corporation, the 
manufacturer of the microwave digestion unit, recommends in the procedure for the 
digestion of cellulose acetate filter papers (Whatman #4). The procedure specifies 
5 ml of concentrated nitric acid and 5 ml of deionized water to be used in die 
digestion in contrast to 10 ml of the aforementioned reagents that was used in the 
digestions of the particulate matter from the Mississippi River water samples.
Besides the volume differences and the deviation from the recommended microwave 
program, provided below, no other changes were made to the published method.
Microwave Digestion Program Recommended by CEM Corporation for the 
Microwave Digestion of Whatman # 4 Filter Papers
Stage 1 2
Power
(% maximum) 100 100
Psi
(maximum) 50 100
Time
(minutes) 10:00 15:00
3 4 5
100 
150
15:00 0:00 0:00
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Appendix 7
Concentrations of Ferric Chloride Solutions Added to Samples to form Ferric
Hydroxide Co-Precipitate
Added to each sample undergoing speciation was a 10ml aliquot of ferric 
chloride solution. Each solution was prepared by dissolving a specified amount of 
FeC13 • 6H20 in 100ml of deionized water. The specific concentration of ferric 
chloride used for each site is below.
Sample Site Ferric Chloride (grams)
Winfield 4.61346
Alton 4.63020
St. Louis 4.61346
Hickman 4.63020
Osceola 4.63020
Helena 4.63020
Greenville 4.63020
Vicksburg 4.61346
Old River Control - Red R. 4.63020
Old River Control - Mississippi R. 4.61346
St. Francisville 4.63020
Baton Rouge 4.70935
Belle Chasse 4.63020
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Appendix 8
Preparation of Dowex AG-50 Cation Exchange Columns
The Dowex AG-50 resin from Bio-Rad Inc. was washed batchwise with 
deionized water until the rinsate was colorless. The resin was then stored under 
deionized water until the column were to be packed.
The columns consisted of the barrel of B&D 60 ml disposable polyethylene 
syringes. Attached to the outlet of the syringe was a 3 cm long piece of Nalgene 
polyvinyl tubing. Into the bottom of the syringe was placed a circular piece of 
Whatman GF/C glassfiber filter that had been trimmed to the inner diameter of the 
syringe barrel. The Dowex AG-50 resin was then agitated until it and the storage 
water formed a slurry. Approximately 14 ml of the slurry was then transferred to the 
column. As the resin dewatered the volume reduced to nearly 12 ml. Placed on top 
of the resin bed were two more pieces of glass fiber filter that also had been cut to 
the inner diameter of the column. The tubing was then pinched with a steel binder 
clip to prevent flow through the column. Deionized water was then poured into the 
column to keep the resin wet. For extended storage, the top of the column was 
plugged with the rubber tip of the syringe plunger that came with the syringe.
The columns were cleaned and conditioned for use with hydrochloric acid. 
Once the binder clip was removed and the deionized water drained from the column, 
three successive 9 ml aliquots of 1M hydrochloric acid were added to the column and 
allowed to drain through. Following the acid were three 15 ml aliquots and then a 40 
ml aliquot of deionized water to rinse the acid from the column. The pH of the 
rinsate was checked with an indicating pH strip to ensure that the rinsate water had 
the same pH before and after the column. Treating the resin in this manner removed 
any metal cations bound to the resin and converted the resin to the protonated form 
enabling it to exchange cations (primarily iron) in the sample.
The sample was then loaded onto the column and allowed to flow, by gravity, 
out of the column where it was collected. The column was then rinsed with three 
aliquots of 15 ml deionized water which was added to the sample.
The columns were then prepared for another sample as each was used for 
several samples until the glass fiber filter under the resin deteriorated causing the 
column flow to be greatly reduced or resulting in leakage of the resin from the 
column. The two pieces of glass fiber filter capping the column were removed and 
resin slurry added to replace that which remained attached to the filter pieces. Two 
new glass fiber filter pieces were cut and placed at the top of the column. The 
columns were then treated with the 1M hydrochloric acid and rinsed as described 
previously.
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Appendix 9
Values of Physical Parameters; pH, Dissolved Oxygen,and Temperature 
Measured at Time that Samples were Collected
Sampling Site pH Dissolved Oxygen Temperature
(mg/1) (°C)
Winfield 5.75 No Data -3
Alton 5.5 No Data -3
St. Louis 5.25 6.6 -3
Hickman 5.2 No Data -0.5
Osceola 5.15 No Data 0.2
Helena 5.0 No Data 0.9
Greenville 5.5 No Data 2
Vicksburg 5.5 No Data 5
Old River Control 
-Red R.
5.35 No Data 6.9
Old River Control 
-Miss. R.
5.4 No Data 6.5
St. Francisville 5.0 No Data 3.9
Baton Rouge 5.2 No Data 4.2
Belle Chasse 5.2 No Data 5.9
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